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Chapter I 
Introduction 
This chapter provides an overview of the thesis. The chapter starts by providing a brief 
overview on the area of catalysis and photocatalysis. These topics are discussed in relation 
to semiconductors where the role of metal-semiconductor junction and semiconduc-
tor/semiconductor junctions are discussed. As zinc oxide and metal-TCNQ are the main 
semiconductors used in the current thesis, a comprehensive review on the important 
porperties are first discussed. This is followed by discussing the use of such semiconduc-
tors as catalysts.  
Part of the work presented in this chapter has been published: 
Mohammadtaheri, M.; Ramanathan, R.; Bansal, V. Emerging applications of met-al-TCNQ 
based organic semiconductor charge transfer complexes for catalysis. Catalysis Today 
2016, , 278, 319-329 
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 Introduction 1.1
Material science has attracted a great deal of attention as functionalised micro and nano-
materials are often predicted to be the key for a sustainable future. In the broadest sense, 
material science uses synthetic and materials chemistry as tools to create micro and nano-
materials with size, shape and surface properties that can be designed to fit a specific ap-
plication. The past decade has seen materials science applied in almost every aspect of ad-
vanced technologies development. In particular, the application of materials science has 
seen a tremendous infleunce in the area of photocatalysis. Photocatalysis is a process in 
which a catalyst absorbs energy to create energetic electrons and holes, in order to initiate 
reduction and/or oxidation (redox) reactions.
1, 2 
In simple terms, photocatalysis is the light-
dependent acceleration of a chemical reaction in the presence of a catalyst.
2
 Therefore, the 
catalytic activity would primarily depend on the ability of the catalyt to efficiently absorb 
light to generate free radicals, which then participates in the catalytic reaction. 
Early reports by Fujishima and Honda (1972) discovered the photocatlytic activity of Tita-
nium oxide (TiO2) for water splitting reaction.
3
 This pioneering report has fuelled the area 
of catalysis and photocatalysis where scientists have pushed the boundaries of materials 
science to develop new and efficient catalysts. In fact, the development of efficient photo-
catalyst’s involves various fields including and not limited to semiconductor physics, sur-
face/ interface science, materials science, computational chemistry and many others.
3–7
 In 
the past decade, many types of photocatalysts have been fabricated and used for a wide 
range of applications such as water splitting, CO2 reduction, wastewater treatment and air 
purification.
8–11
 In addition, there has also been significant attempts to gain a better and 
deeper understanding of the underlying mechanism.
1,2 
Existed available knowledge in this 
feild has given us the ability to develop new catalysts by combining the strengths of differ-
ent mateirals.
12
 An important part of combining materials is to first understand the individ-
ual properties of each component where theoretical simulations have been one of the main 
tools utilised to understand the relationships between critical paratmeters based on the 
principals and processes behind photocatalysis.
13
 
Considering that this thesis essentially deals with catalysis and photocatalysis applications, 
an introduction to both organic and inorganic semiconductors is given. The properties of 
such semiconductors are discussed along with recent applications.  
 3
 Photocatalysis 1.2
Catalysis is the acceleration of a chemical reaction in the presence of a catalyst. In chemis-
try, photocatalysis is the acceleration of a photoreaction in the presence of a catalyst, dur-
ing the catalysis reaction, light (photon) is absorbed by the catalyst resulting in the genera-
tion of free radicals, which aids in the catalytic reaction. The generation of free radicals is 
primarily dependent on the catalyst’s ability to generate electron-hole pairs.5-6 There are
three main steps involved in a classical photocatalytic process
14
:
(i) Photoexcitation of catalysts to generate electron– hole pairs,
(ii) Separation of electron–hole pairs and their diffusion to the surface of the catalysts
(iii) Use of charge on the surface of the catalyst for redox reactions.
To have the maximum number of photons converted into electron–hole pairs, developing 
catalysts that absorb a broader spectrum of solar light is one of the main challenges.
12 
Such
catalysts can optimize the charge generation step. Also in the charge generation step, it is 
critical to defeat unfavourable electron–hole recombination to allow more electrons and 
holes to arrive at the catalyst surface. Therefore, having an adequate number of charge 
carriers on the surface does not necessarily ensure high efficiency of ongoing redox reac-
tions.
7,8
 This suggests that the activation of the catalyst surface allows efficient coupling
of more surface charges, which in turn participates in the reduction or oxidation reac-
tion.
12,14 
Conventional photocatalysis is tradiionally based on semiconductor materials, while re-
cent studies have outlined the power of materials such as plasmonic metals and organic 
molecules for photo-driven reactions.
15,16
 Semiconductors such as TiO2, ZnO and may
others have been particularly attractive in the area of photocatalysis. However, the high-
band gap of such metal oxides renders them active only in the UV-light to generate elec-
tron–hole pairs.1, 2-12 Therefore, it is unsurprising that new catalysts have been fabricated
by combining the strengths of traditional semiconductors with metals to form a metal-
semiconductor junction or with other semiconductors to form a semiconductor–
semiconductor junction. Such semiconductor junctions can alter the photocatalytic activity 
and may also provide improved optical properties. This is the main focus of this thesis. 
The next few sections outlines the principles behind such junctions and the way it in-
fleunces the electron-hole recombination.   
 4  
 
 
 Semiconductors for photocatalysis  1.2.1
The conductivity of semiconductors typically ranges between metallic conductors and in-
sulators. The difference in the conductivity can be explained by considering the electronic 
band structures. The highest band occupied by an electron is known as valence band (VB) 
and the lowest band is known as conduction band (CB). The energy gap between the VB 
and CB is known as the band-gap (Eg).
19 
The band-gap characterstics in semiconducting 
materials play a major role in determining the light absorption properties as well as the re-
dox capability of the semiconductor.
21
 For instance, electron transport between the VB and 
CB in semiconductor occurs only when the appropriate amount of energy is Applied. For 
example ,for water splitting it has been suggested that  for an ideal photocatalyst, the high-
est occupied level of the VB (measure of the oxidizing power) and lowest unoccupied level 
of the CB (measure of the reducing power) must be separated by about 1.23 eV to promote 
redox reactions.
20
 Typically, there are two types of semiconductors based on their band 
stractures viz. direct and indirect band-gap semiconductors. In direct band-gap semicon-
ductors, the momentum of the electrons is the same in the VB and CV. This results in the 
alignment of the minimum energy point of the CB and the manximum energy point of the 
VB. In indirect band-gap semiconductors, such an alignment does not exist. Therefore, a 
change in the momentum of an electron is eminent for transfer of an electron from VB to 
CB. 
 
Figure  1.1 Photo-induced formation of an electron–hole pair in a semiconductor with 
possible decay paths.
13 
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In direct band-gap semiconductors, when light or photon with energy equal to or greater 
than its Eg is used, the electrons in the VB are excited to CB thus creating electron–hole 
pairs. Once the electrons and holes transfer to the semiconductor surface, two half redox 
reactions can occur (Figure 1.1). The electrons in the CB may initiate a reduction reaction 
with electron acceptors, and the holes in the VB participate in oxidation reactions with 
electron donors. 
The reduction and oxidation capabilities of photo-generated electrons and holes in a semi-
conductor are mainly determined by the edge positions of the CB and VB, respectively. 
Only when the energy levels of the conduction band minimum (Ec) and the valence band 
maximum (Ev) of a semiconductor are more negative and positive than the redox potential 
of reduction and oxidation half reactions, respectively, can an overall photocatalytic reac-
tion occur.
22
 If one of the band edges does not satisfy the requirement, sacrificial agents 
have to be used as substituted electron acceptors or donors to make the other half reaction 
happen. In the case that the reactions take place on the surface, the rates of the charge con-
sumption are still greatly influenced by the differences between the band edge positions 
and the reaction redox-potential levels.
14
  
In addition to these parameters, semiconductors may also be classified as n- or p-type de-
pending on the nature of the majority charge carriers. This is determined by the position of 
the fermi level (Ef). Typically, in metals, the Ef lies within the VB
.14
 In fact, there are a 
large number of active states available and the VB and CB are overlapped. In an intrinsic 
semiconductor, the Ef lies between the VB and CB. As mentioned earlier, these bands are 
separated. Conductivity is observed when electrons move from VB to CB during photo-
excitation conditions.
14
 When electrons move, it leaves an empty space in the VB resulting 
in holes. In n-type semiconductors, electrons are the majority carriers, while in p-type sem-
iconductors, holes are the majority carriers. In n-type semiconductors, the position of the Ef 
is closer to the CB, while in p-type semiconductors the position of the Ef is closer to the 
VB.
14
 
A large number of semiconductor materials including metal oxide and chalcogenides have 
been studied. Generally, high band gap semiconducting materials such as TiO2 prove to be 
better photocatalysts than low band gap materials, mainly because of their low chemical 
and photochemical stability.
13
 However low band gap materials are better adapted to the 
solar spectrum thereby offering significant advantages of their potential utilization for con-
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tinuous and readily available power from the sun. The catalytic activity of semiconductors 
strongly depends on top of the valence band and bottom of the conduction band.
23
 Figure 
1.2 shows the band gap energies and the band edge positions of common semiconductor 
photocatalysts. The thermal stability and high mobility of electrons in semiconductors also 
are the essential properties, since these features provide the necessary charge transfer upon 
contact with donor and acceptor species 
25 
Moreover semiconductors are photo-stable, in-
expensive, relatively nontoxic and are absorb visible and/or UV light.
23, 24
 
 
 
Figure  1.2. Bandgaps and redox potentials, using the normal hydrogen electrode (NHE) 
as a reference, for several semiconductors.
25 
 
 Semiconductor junctions 1.3
Considering that the thesis primarily focuses on the formation of junctions, this section 
provides an overview of semiconductor-metal junctions and semiconductor-semiconductor 
junctions.  
Fermi level indicates the chemical potential of the lowest energy of a free electron or the 
highest energy of a free hole. During the formation of a junction, there is a change in the 
chemical potential such that it brings the interface of the junction to a thermodynamically 
non-equilibrium state due to the difference in their potentials. An equilibrium state is 
achieved by exchange of energy. This process of equilibrium is called Fermi energy 
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alignment.
25
 When the junction is formed between a semiconductor and metal, two kinds 
of contacts can be established viz. Schottky and Ohmic contacts
25
 The work function (min-
imum energy needed to remove an electron to a point in the vacuum) of these components 
determines the nature of the contact
25
 For a metal, the work function (Φm) is the energy 
difference between vacuum energy and the Fermi level (Ef) as the Ef is located within the 
VB. For a semiconductor, the work function (Φs) is the energy required to remove an elec-
tron from the VB to free vacuum level. Based on the difference between Φs, Φm and the 
type of semiconductor, four different junctions can be formed (Figure 1.3). 
 
 
 
 
 8
Figure  1. 3. Band structures of metal–semiconductor junctions for (a,b) an n-type semi-
conductor and (c,d) p-type semiconductor in thermodynamic equilibrium.
14 
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For an n-type semiconductor/metal junction where the Φm>Φs, electron transfer from sem-
iconductor to metal. This transfer of charge results in a positively charged region (Deple-
tion layer - W) in the semiconductor.
6
 This type of junction results in a Schottky barrier.
6
 In 
a p-type semiconductor/metal junction where the Φm<Φs, a similar barrier is formed due 
to hole transport. In this case, electrons are transferred from the metal to the semiconductor 
at the junction and make a negative charge depletion layer.
6
 In a n-type semiconductor 
where the Φm<Φs, there is no barrier between the metal and semiconductor resulting in an 
Ohmic junction. A similar junction is formed for a p-type semiconductor where the 
Φm>Φs.  
 
Figure  1. 4. Schematic band diagrams illustrating the formation of a semiconductor–
semiconductor junction. 
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When two semiconductos are joined they form a semiconductor-semiconductor junction. 
This may result in either a p-n heterojunction, n-n heterojunction or a p-p heterojunction. 
In all cases, before the two semiconductors are in contact, there are separate fermi levels 
for both semiconductors. Once in contact, electron flow from the region with higher fermi 
level to region with lower fermi level. As a result, a space charge layer builds up and a 
built-in potential results. This potential built-up, results in a band bending. Depending on 
the fermi levels of the two semiconductors, this may result in upward or downward band 
bending.  
 
Figure  1. 5. Different semiconductor heterojunctions based on their band edge offsets in 
the flat band condition for: a) Straddling, b) Offset and c) Broken gaps.
14 
 
If one considers using two different semiconductors to form a heterojunction (as performed 
in this thesis), three different band diagrams can be produced viz. Straddling, Offset and 
broken gaps. This thesis investigates an isotype heterojunction (n-N where capital letter in-
dicates a higher band gap material). When analysing band diagrams of such heterojunc-
tions, there are rules pertaining such diagrams. These include: (i) band-gap and band edge 
positions cannot be changed; (ii) when a common anion is used in both semiconductors, 
the bending of CB is always greater than VB; and (iii) when a common cation is used in 
both semiconductors, the VB energies scale with anion electronegativities.  
 
 Charge kinetics - in photocatalysis 1.4
As photocatalysis is the main application of the different materials fabricated in this thesis, 
this section outlines the critical parameters that can affect charge generation, charge trans-
fer and charge consumption during photocatalysis. These parameters help optimise the ef-
 11  
 
 
ficiency of each step through energy-band engineering, interface engineering and surface 
engineering. 
 Light absorption and band structure 1.4.1
The band structure and light absorption of a photocatalytic system play an important role in 
the generation of electron–hole pairs. In photocatalytic systems where semiconductors are 
the only photo-excited components, the band structures of the semiconductors determine 
the light absorption of the system. Band structure not only depends on the crystal phase 
and vacancies, but it can also be modified by the introduction of foreign elements into the 
bulk or surface of the semiconductor.
29,30 
By modifying these parameters, the band gap of 
the semiconductors can be narrowed which results to extend the spectral range of light ab-
sorption.
 30
 
Additionally, light absorption can be altered or broadened by light sensitizers.
29 
When light 
is absorbed initially by the sensitizer instead of the semiconductors, the photogenerated 
electrons or holes are injected from the sensitizers into the CB or VB of the semiconduc-
tors for reduction or oxidation reactions to be promoted, respectively.
29, 31, 32
 Light absorp-
tion of semiconductor material can also be enhanced by surface texturing and photonic 
crystal design. Surface texturing design reduces the light reflection on the surface of semi-
conductor or increasing the effective optical path lengths inside the semiconductor which 
results to light absorption enhancement.
32 
 
 Charge transfer and separation 1.4.2
After generation of electron-holes pair, the charge transfer and separation process becomes 
an important step in photocatalysis system. The method of delivering electrons and holes to 
their destinations is important in this process. Many of the electrons and holes may lose 
their lives during the process of recombining on the route and releasing the energy in the 
form of heat or photons. Therefore, effective charge separation is an important factor that 
has a major influence in a typical photocatalytic system.
14, 30
  
There are many parameters affecting the efficiency of the charge transfer and separation. It 
is desired that photo-generated electrons and holes reach the destination in very short time 
 12  
 
 
window.
33
 Thus, the carrier diffusion path, rate and distance are the critical parameters in 
this process.
34,35
 On the other hand, the defects in the bulk or on the interface and surface 
of the semiconductor may serve as the recombination centres for the photogenerated elec-
trons and holes, limiting the efficiency of charge transfer. 
In hybrid structures, efficient charge transfer between components depends on the electron-
ic coupling at their interface.
34,36-39
The other important parameter in this process is driving 
force for the charge separation and movement.
40
 In the photocatalytic system both elec-
trons and holes should be efficiently transported; otherwise, strong charge recombination 
or slow reaction rates would be observed.
41 
 
 Surface catalytic reactions 1.4.3
Charge separation and transfer are typically followed by surface catalytic reactions photo-
catalytic reactions happen only on the surface of catalysts in both liquid and gas phase. 
Depends on the photocatalytic system, there are different reaction locations such as photo 
excited semiconductor, co-catalyst or light sensitizer.
14
 
In the catalysis process, the reactants first diffuse and are adsorbed on the catalyst surface. 
This is followed by the accepting  of electrons or holes to undertake reduction and oxida-
tion reactions, respectively. After the completion of the reaction, the final products desorb 
from the surface and diffuse to the environment. Adsorption and desorption behaviour, also 
molecular activation can govern the catalytic reaction in terms of surface reactions. The re-
action kinetics can be improved by increasing adsorption energy or lowering activation en-
ergy of a catalyst surface.
14
When two or more reduction/oxidation reactions occur syn-
chronously, catalyst selectively becomes a really important parameter.  
High adsorption energy or low activation energy for a particular reactant or reaction would 
lead to high selectivity. Many surface factors, such as surface area and pores
42
, surface fac-
ets
43- 45
, surface composition
45
, and surface vacancies 
46-47
, have impact on the activity and 
selectivity in a photocatalytic system. 
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 Photocatalyst design and synthesis  1.5
In order to design a photocatalytic system with optimized charge kinetics, there are many 
details that have to be considered during the design process. When two components are in-
tegrated into hybrid structures, they may form many different combinations of structures, 
which would exhibit different performances in each step of the photocatalysis reaction. 
Thus, one of the most important tasks for materials design is to organize the building 
blocks into a working photocatalytic system. The criteria include broad spectrum light ab-
sorption, easy transfer of electrons and holes, and large surface area exposed to redox reac-
tions. Also, the configurations of hybrid structures should be achievable from the view-
point of materials synthesis.  
 traditional versus novel photocatalyst design  1.5.1
In the photocatalyst design, there are many standard configurations for hybrid structures 
such as decorated47-49, heterojunction50-51 and encapsulated structures with direct contact 
between components52-54, and connected55,56 and isolated structures without contact be-
tween components.57  
 
 
Figure  1. 6. Schematic illustration for photocatalytic hybrid configurations.14 
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These hybrid structures have their own advantages and disadvantages and can be chosen 
based on the desired charge transfer model. The decorated structure is made by loading a 
certain amount of smaller-sized component I on a larger-sized component II. In this type of 
structure, both components I and II are exposed to the medium, allowing the charges on 
both surfaces to interact with reactants. In this process two components might block each 
other’s light absorption due to the shield effect.  
The heterojunction structure is similar to the decorated structure, but only contains an in-
terface in micro/nanostructure. The sizes of the two components are usually comparable. In 
comparison with the decorated structure, the heterojunction has a better light absorption 
and interfacial contact (particularly when both components are single crystals). Moreover, 
the asymmetric Janus structure helps electron–hole spatial separation. However, it remains 
a big challenge to synthesize this structure at a large scale and in high quality.  
The encapsulated structure is typically synthesized by coating a component I core with a 
component II shell. This structure has a large area interfacial contact. Also because the in-
terface protected by the shell, it won’t be affected by corrosion which favours the charge 
transfer. The drawback in this technique is the core material is not contact with media and 
therefore it cannot participate in photocatalysis reaction. As a result, the charges on the 
core are not consumed, and their accumulation inhibits further charge transfer from the 
shell to the core. The core– shell structure only works for Type I semiconductor junctions 
in which both electrons and holes are required to transfer from the shell to the core.  
The connected structure links two separated components with a conducting layer. The con-
ducting layer behaves as bridge for the charge transfer between the two components. When 
the two components do not have good compatibility in terms of crystal structures or elec-
tronic structures, this structure can offer an ideal alternative model. In addition, this struc-
ture enables good light absorption and provides a sufficient surface for reactions, as the 
two components are interface-free. However, the probability of electron–hole recombina-
tion loss would be inevitably increased by this design, because it involves two types of in-
terfaces as well as suffering from a longer charge-transfer distance between the compo-
nents.  
In the isolated structure, the two components are isolated by a thin non-conducting layer so 
as to prevent direct charge transfer. This structure is solely designed as an energy-transfer 
 15
mechanism in a catalytic system such as electromagnetic field-mediated energy transfer 
and resonant photon-scattering energy transfer for plasmonic metal–semiconductor struc-
tures.  
Table 1.1 shows the characteristics and applications of the five groups of hybrid structures. 
Based on the performance and also limitations of the standard classic configurations, novel 
hybrid structures have been designed. For instance, a multi-segmented heterojunction 
structure fabricated to further strengthen the advantage of the heterojunction in charge 
transfer. In this structure, component I or component II forms two interfaces with the two 
neighbouring heterogeneous components. The increased number of interfaces not only 
halves the average charge-transfer length, but also doubles the contact area between com-
ponents. In the literature, both metal–semiconductor and semiconductor– semiconductor 
multi-segmented heterojunction structures have been reported.58, 59
To increase the performance of core–shell structures, a porous core– shell structure and a 
half core–shell stack structure have been synthesised.  For example, In the porous
core–shell structure, a porous or mesoporous shell partly exposes the surface of component 
I core to the reaction media.59 In an alternative design, a half core–shell stack structure has
component I core in contact with a conducting layer so that the charges accumulated in the 
core can flow out through the conducting layer for redox reactions.61Two dimensional (2D)
nanomaterials also has been reported for photocatalysis reactions. In this structure, the 
large surface area maximize the interfacial contact area for charge transfer and also the thin 
layer of 2D material shortening the charge diffusion distance from interface to surface for 
redox reactions.61 
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Table 1. 1. The charge kinetics evaluation for the classic photocatalytic hybrid configurations.
 14
 
“×” and “√” denote limited success and great progress, respectively. [Reproduced from Ref 14]
Hybrid configuration Light-excited 
component 
Light ab-
sorption 
Charge 
transfer 
Surface 
reaction 
Controlled 
synthesis 
Samples of charge kinetics models ref 
Decorated structure I 
II 
I and II 
× 
× 
× 
× 
× 
× 
√ 
√ 
√ 
√ 
√ 
√ 
Light sensitizer- semiconductor  
Semiconductor-co-catalyst 
Phase junction 
47 
 
48 
49 
Hertojunction structure I or II 
I and II 
√ 
√ 
√ 
√ 
√ 
√ 
× 
× 
Plasmonic metal- semiconductor 
Type II junction 
50 
51 
Encapsulated structure I  
II 
I and II 
× 
√ 
× 
× 
× 
× 
√ 
× 
× 
× 
× 
× 
Upconversion-semicounductor 
Metal-semicounductor shottky 
junction 
Type I junction; phase junction 
52 
 
53 
54 
Connected structure I or II 
I and II 
√ 
√ 
× 
× 
√ 
√ 
√ 
√ 
Semicounductor-co-catalyst 
Z-scheme 
55 
 
56 
Isolated structure I  × × √ × Plasmonicmetal- semicounductor 57 
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 Synthesis and fabrication  1.5.2
To fabricate the ideal hetrostructurs for photocatalysis, appropriate fabrication methods in 
should be considered. The rapid development of photocatalysis research, along with more 
understandings about their mechanism, allows more complicated structures to be achieved. 
Higher requirements for uniformity and controllability in terms of bulk, surface and inter-
face are demanded in this area. Precise control over the dimensions and structures of mate-
rials is always a big challenge to synthetic chemists. Nevertheless, significant progress on 
the controlled synthesis has been made to meet the strong demands for photocatalytic ma-
terials.62 Many impressive photocatalytic structures have been fabricated and reported with 
notable charge kinetics. For example, the synthesis of mesoporous single crystal semicon-
ductors is one of the successful attempts of researchers recently. Mesoporosity provides a 
large surface area for activation reactions, whereas single-crystal structure can facilitate 
charge transfer owing to long-range electronic connectivity without a grain boundary.63 
The mesoporous single-crystal semiconductor meeting both criteria can significantly im-
prove the charge kinetics for photocatalysis. Recently, mesoporous TiO2 single crystals 
have been synthesized based on crystal seeding on a sacrificial guiding template.64 
 The second example is the artificial forest for solar water splitting.65 these structures are 
composed of two semiconductors with different light absorption through ohmic contact. A 
3D nanoscale tree-like light-harvesting design has been reported to maximize the perfor-
mance. In this heterojunction, Si nanowire and TiO2 nanowire acted like the trunk and 
branch of a tree. The TiO2 nanowires were grown on the upper half of a Si nanowire so that 
the trunks and branches could be used to harvest visible and UV light, respectively, in dif-
ferent regions. This exceptional heterostructure was synthesized through micro- and nano-
fabrication with several steps involving various methods such as reactive ion etching 
(RIE), atomic layer deposition or vacuum sputtering and hydrothermal TiO2 nanowire syn-
thesis.66 
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 ZnO oxide (ZnO) 1.6
Zinc oxide is one of the traditional semiconducting materials that has been reported exten-
sively for photocatalysis applications. Considering that ZnO is the main inorganic semi-
conductor used in the current thesis, a brief introduction is provided outlining the important 
properties and the use of one dimensional nanoarrays of zinc oxide in photocatalysis appli-
cations. 
 ZnO properties 1.6.1
Zinc oxide (ZnO) is a II-VI semiconductor with a wide direct band gap of 3.37 eV (i.e. in 
the near-UV range) and a large excitation binding energy of about 60 meV at 300 K.
67
 At 
ambient pressure and temperature, ZnO crystallizes in the wurtzite structure, as shown in 
Figure 1.7. This is a hexagonal lattice, belonging to the space group P63mc with lattice pa-
rameters a = 0.3296 and c = 0.52065 nm. The structure of ZnO can be simply described as 
a number of alternating planes composed of tetrahedral coordinated O
2-
 and Zn
2+
 ions, 
stacked alternately along the c-axis. The tetrahedral coordination in ZnO results in non-
central symmetric structure and consequently piezoelectricity and pyro electricity.
68, 69 
 
 
Figure  1. 7.Wurtzite structure of Zinc oxide. 
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To date, a wide range of ZnO nanostructures have been fabricated including nanowires, 
nanorods, nanobelts, nanotubes, nanorings, nanohelixes, hierarchical nanowire junction ar-
rays, comb-like cantilever arrays and polyhedral cages and shells (Figure 1.8).
70-74
  
 
Figure  1. 8.  A collection of novel ZnO nanostructures formed due to the existence of ± 
(0001) polar surfaces.
75 
 
Among these, 1D nanostructures (ZnO nanoarrays) has been recognized as an important 
nanostructure.
76 
This predominately arises from the significant advantanges that such struc-
tures provide especially during photocatalytis applications. Table1.3 gives a summary of 
the comparison between three different ZnO nanostructures used in photocatalytic applica-
tions. 
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Table  1. 2.Comparison of different ZnO nanostructures for photocatalytic applications 
(reproduced from 
77
)
Advantages Disadvantages 
Nanoparticles (0D) Large surface area-to-volume ra-
tio 
Reduced effective surface area due to 
particle aggregation; additional cost as-
sociated with post-treatment and recov-
ery; difficult to recover the catalyst 
Nanowires (1D) Larger surface area-to-volume 
ratio than thin films;growth well 
aligned on most substrates; 
post-treatment not required;lower 
crystallinity and more surface de-
fects increases efficiency 
Lower surface area compared to nano-
particles, but similar effective surface 
area (aggregation of nanoparticles); re-
stricted growth conditions 
Thin films (2D) Coated on certain substrates; 
post-treatment for catalyst re-
moval is not required 
Small surface area, gives low perfor-
mance 
Conisdering the importance of 1D ZnO nanoarrays, such materials could be grown on a 
wide range of substrates including polymer, glass, semiconductor surface, metal surface 
and other organic substrates such as polydimethylsiloxane (PDMS),
78
 polystyrene (PS),
79
textile, thread and hair as its illustrated in Figure1.9.  
Figure  1. 9. ZnO nanarrays on different substratres including one domensional (1D), two 
dimensional (2D) and three dimensional (3D). 
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Aligned growth of ZnO nanowires on a substrate not only offers a improved photocatalytic 
efficiency due to an enhancement in the surface area compared to direct catalyst deposition 
on substrates; it also offers other advantages such as, introducing more surface defects and 
oxygen vacancies improving the photocatalytic performance of ZnO.
82
 This is because, 
surface defects usually play an important role in dictating the photocatalytic efficiency, 
while crystalline defects in ZnO are primarily in the form of oxygen vacancies.
80 
As a wide 
band gap semiconductor, ZnO is normally photoactive under blue to UV light irradiation. 
But it has been reported by Baruah and Dutta that ZnO nanowires with inherent crystalline 
defects are capable of exhibiting visible light photoactivity even without of doping with 
transitional metals.
81
 Considering the importance of ZnO, there are several routes reported 
in the literature for fabricating ZnO nano-arrays.  
 Synthesis of ZnO nano-arrays 1.6.2
The fabrication of ZnO nano-arrays are broadly classified into two categories: (i) vapour 
phase synthesis and (ii) solution phase synthesis. 
Vapour phase synthesis is the most extensively used approach to fabricate 1D nanostruc-
ture. Several research groups, including Kong et al,
82
 Yao et al,
83
 Zhang et al,
84
 have 
shown the ability to fabricate high quality, single-crystalline ZnO nanorods or nanowires. 
The process typically takes place in closed chambers at high temperatures from 500 °C to 
1500 °C, with the gaseous species first generated by thermal evaporation, chemical reduc-
tion or gaseous reaction, and then transported and condensed onto a solid substrate sur-
face.
85 
The most common vapor synthesis method include vapor liquid solid (VLS) 
growth,
86
 physical vapor deposition (PVD),
87
 chemical vapor deposition (CVD),
88
 metal 
organic chemical vapor deposition (MOCVD),
89
 molecular beam epitaxy (MBE),
90
 pulsed 
laser deposition (PLD),
91
 and so on. Among these methods, the VLS and MOCVD are 
commonly and extensively used methods for ZnO nanowire fabrication. 
The VLS method is relatively simple and cheap method and has been widely used for syn-
thesis of ZnO nanowires and nanorods on large substrates such as Si, GaN, and AlGaN wa-
fers.
92
 In this process, the gaseous reactants are dissolved into nanosized liquid metal drop-
lets, which act as metal catalysts to facilitate nucleation and growth of single crystalline 
nanorods or nanowires. The metal catalysts used in the VLS method include Au,
93, 94
 Cu,
95
 
Ni
96
 and Sn.
96
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In contrast to VLS method, the MOCVD method is more recent. This process does not re-
quire a catalyst, which potentially eliminates the possible inclusion of the catalyst metal 
impurities as in the catalyst-assisted VLS method. This essentially produces high-purity 
ZnO nanowires.
91,97
 In comparison to the VLS process, the growth temperature of 
MOCVD is around 400 – 500°C.93 The advantages of producing high-purity ZnO nan-
owires at lower temperatures make the MOCVD-synthesized structures more useful and 
efficient for electric and photonic device applications.
85
 
Although vapor phase synthesis methods can produce high-quality, single-crystalline nan-
owires with several micrometers in length, these methods have practical disadvantages 
such as requiring high temperatures for growth, limited substrate choice, low product uni-
formity, and low product yield.
98
 In contrast, solution phase synthesis approach eliminates 
several of these disadvantanges where growth proceeds at lower temperatures, low-cost, 
ease of handling and potential scalability for producing high-density arrays (number densi-
ty above 10
10
 cm
-2
).
99
 Given that the solution phase synthesis process typically occurs at 
temperatures of about less than 100°C, this offers a wider choice of substrates that can be 
used for fabricating ZnO nanoarrays including both inorganic and organic substrates. Addi-
tionally, the synthesis process can take place in either aqueous
100
 or organic solutions
101 
or 
even a mixture of the two.
102
 
The aqueous-phase solution approach is more commonly referred to as hydrothermal syn-
thesis. The hydrothermal synthesis method has received much attention and is widely used 
to synthesize 1D nanostructures, not only due to the advantages mentioned earlier, but also 
due to the fact that the hydrothermally grown 1D nanostructures have more inherent crys-
talline defects. This would essentially provide sites for efficient electron-hole recombina-
tion process to occur. For ZnO nanowires particularly, the crystalline defects are primarily 
due to oxygen vacancies
103
, which enables these ZnO nanowires to be photoactive under 
visible light irradiations without doping of transition metals.
81
 Another advantage of hydro-
thermal synthesis method is that almost any kind of substrate can be used to synthesize 
vertically aligned ZnO nanowires with the help of seed layers, such as polymer, glass, sem-
iconductor, metal, and organic substrates like polydimethylsiloxane (PDMS)
78
, polystyrene 
(PS)
79
 and textile surfaces. The synthesis process and the different parameters influencing 
the growth of ZnO nanowires are discussed in detail in Chapter 4 of this thesis as this strat-
egy is mainly used in the fabrication of ZnO nanoarrays on 2D and 3D substrates. 
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 Optical Properties of ZnO nano-arrays 1.6.3
Considering that zinc oxide (ZnO) has a wide direct band gap of 3.37 eV and a large exci-
tation binding energy of about 60 meV at 300 K,
67
 it has been widely sought out for devel-
oping UV-light emitting diodes. Therefore, expanding the ability to fabricate ZnO nano-
arrays using simple solution-based approaches have expanded the applicability of this im-
portant semiconductor specifically in optically-active applications including photolumines-
cence (PL),
75 
light emimiting diodes (LEDs)
76
 and photocatalysis.
77
  
The PL characteristics of ZnO is particulary important 
75
 The PL spectra of ZnO shows 
two major emission peaks where the first appears in the UV region (band edge representa-
tion of its band-gap), while the second is in the visible region.
77
 This band is due to the in-
trinsic and surface defects (oxygen vacancies). It is due to such properties that ZnO is able 
to enhance the PL charactersitics in a composite.  
Other optical charactersitics of ZnO stems from its ability to form hybrids with other mate-
rials including p-type semiconducting materials, which could either be an inorganic or or-
ganic semiconductor.
80
 Formation of an p-n heterojunction increases the efficiency of 
LED, which is due to improved recomibination efficiency.
77
 Considering the high surface 
area due to the formation of nano-arrays; and solution-based strategies to grow nano-arrays 
on a wide range of substrates, ZnO has attracted significant attention in its use in photoca-
talysis. In fact, the size and shape of the ZnO rods have been determined to have an effect 
on the photocatalytic efficiency.
91-93
 Similarly, formation of heterojunctions with either 
metals or other semiconductors have also shown to improve recombination rates leading to 
improved photocatalytic activity. It is this stategy that has been chosen in the current thesis 
to improve and expand the photocatalytic activity of ZnO.  
 
 TCNQ based organic semiconductor charge transfer complexes 1.7
7,7,8,8–tetracyanoquinodimethane (TCNQ) has been regarded as an ideal candidate for the 
synthesis of metal-organic semiconducting charge transfer materials. This is primarily be-
cause TCNQ is one of the strongest known organic electron acceptor with an electron af-
finity of 2.88 eV.
104-106 
TCNQ can be reduced into two forms such as TCNQ
-
 and TCNQ
2-
 
due to its affinity to accept electrons. This allows TCNQ to react readily with transition 
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metals or organic moieties that act as electron donors to form a myriad of TCNQ anion-
based salt complexes.
105,107-114
 With the discovery of this interesting organic electron ac-
ceptor, the initial focus of synthesising TCNQ-based materials was placed on its complexa-
tion with organic moieties as electron donors for the formation of organic charge transfer 
materials such as N-methylquinolinium (NMQn
+
)-TCNQ
109-116
,                                   N-
methylphenazinium (NMP)-TCNQ
117,118 
and tetrathiafulvalene (TTF)-TCNQ
119-121
. Over 
the past several decade, such TCNQ-based materials received intense interest for their 
magnetic properties and high electrical conductivity.
104
Although these properties and ap-
plications of organic-TCNQ complexes such as TTF-TCNQ were widely explored, it was 
the ability of TCNQ to undergo a simple one electron reduction when treated with metal 
iodides or certain metals (foils) to form metal-TCNQ (MTCNQ) that rejuvenated a new in-
terest in the field.
107-109,118 
This  discovery led to the fabrication of a range of MTCNQ-
based materials where M ranged from Li, Na, K, Cs, Ba, Mn, Fe, Co, Ni, Cu, Ag, Ce, Pb 
and Cr.
104-107,118,122
 
 
 Metal-TCNQ (MTCNQ) 1.7.1
MTCNQ-based materials, particularly AgTCNQ and CuTCNQ have been a subject of in-
tense research over the past 40 years, with a particular resurgence in the interest in these 
material over the past few years through the innovative work of Dunbar et al., Miller et al., 
and Bond et al.
104,123-129 
This growing recognition of TCNQ as an electron accepting olefin 
led to the establishment of a number of synthesis protocols for MTCNQ materials using 
diverse routes including electrochemical, vapour deposition and wet chemical             
routes.
104,123-129 
The MTCNQ complexes fabricated using different metals exhibited unique 
electronic, paramagnetic and photoactive properties.
104,123-129 
Of primary interest, CuTCNQ 
and AgTCNQ has been the subject of intense research, as these materials show a switching 
effect from high to low impedance state upon the application of an electrical field or opti-
cal excitation.
104, 110, 111, 125, 126, 128, 130, 130-136 
Given the myriad of MTCNQ complexes that can be formed with unique physio-chemical 
properties, surprisingly the application of these materials was severely restricted to elec-
tronic and optical applications. The applicability of such materials was recently expanded 
to more diverse areas beyond electronics. For instance, CuTCNQ was recently shown to 
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act as a heterogeneous catalyst for electron transfer reactions;
134
 CuTCNQ/Au composites 
have been employed as photocatalysts for degradation of organic dyes;
131,132
 CuTCNQ/Pt 
and AgTCNQ/Pt composites have been used as a catalyst surface for the catalytic reduc-
tion of Cr
6+
 ions;
131
 CuTCNQ grown on porous Cu substrate has been utilised for creating 
hydrophobic surfaces;
135
 CuTCNQ has been shown as a reversible iodine storage materi-
al;
136
 CuTCNQ/ZnO arrays were utilised as diode based humidity sensors;
137
 CuTCNQ 
converted to CuO were utilised as gas sensors;
138
 utility of CuTCNQ arrays was shown as 
wearable electronic skin for health monitoring;
139
 KTCNQ
139
, NaTCNQ
139
 and LiTCNQ
143 
grown on textile surfaces as 3D templates for their outstanding ability to selectively detect 
hydrogen and NOx gases, respectively; and AgTCNQ grown on textiles were shown as 
outstanding antibacterial agents.
130
 This shows that the expansion in the applicability has 
seen an exponential increase due to the ability to fabricate this important material on 1D 
and 3D substrates. 
 
 Fabrication of MTCNQ (M = Ag or Cu)  1.7.2
Given the extensive applicability of CuTCNQ and AgTCNQ, several strategies have been 
reported for the fabrication of these MTCNQs. An important and most widely used strategy 
for MTCNQ fabrication is solution-based process where the metal can spontaneously react 
with TCNQ dissolved in acetonitrile. A direct oxidation-reduction occurs to form M+ and 
TCNQ– resulting in the formation of MTCNQ charge transfer complex.140, 141Another 
widely used strategy is the gas-solid reaction between TCNQ0 vapour and the transition 
metal. In this method, TCNQ vapour has enough energy to allow for a charge transfer reac-
tion to occur on the surface of the metal substrate to form MTCNQ. The temperature is 
critical in controlling the formation and the growth of MTCNQ structures. The morpholo-
gy can also be controlled by the thickness and size of the metal in addition to the time and 
temperature.142,143 
 
 MTCNQ materials as catalyst 1.7.3
Since the discovery of TCNQ-based charged transfer complexes, a major emphasis has 
been given to CuTCNQ and AgTCNQ. As outlined in the previous section, although much 
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of the work on both CuTCNQ and AgTCNQ have focused on its application in resistive 
switching, recent studies have shown the ability of this semiconducting charge transfer 
complex for catalysis reactions.
131,132,135
 The use of MTCNQ for catalysis provides addi-
tional benefits in terms that these materials can be easily synthesized, recovered post catal-
ysis to be reused and shows promise for both oxidative and reductive catalysis. Additional-
ly, these materials are well documented for their ability to absorb light,
112,134,135,143-153 
which is likely to further enhance their performance for catalysis of oxidative and reduc-
tive reactions. 
The applicability of two metal-organic semiconductors (AgTCNQ and CuTCNQ) in the 
area of electronics, catalysis, sensing and photocatalysis has been more extensive than for 
any other type of MTCNQ material. CuTCNQ, an n-type semiconductor, typically exists in 
two phases viz. semiconducting Phase I CuTCNQ with a room temperature electrical con-
ductivity of 0.25 S cm
-1
, and a more resistive Phase II CuTCNQ with a room temperature 
conductivity of 1.3 x 10
-5
 S cm
-1
.
104,137
 Similar to CuTCNQ, AgTCNQ is also an n-type 
semiconductor, with a low band gap and an electrical conductivity of 1.25 x 10
-6
 S cm
-
1
.
104,137 
Although AgTCNQ was originally believed to exist only in one phase (phase II), 
recent discovery of a second phase (phase I) opened up new avenues to use these materials 
for different applications.
128 
Both CuTCNQ and AgTCNQ have been demonstrated as heterogeneous liquid phase cata-
lysts for catalysing electron transfer reactions for a model system of potassium ferricyanide 
reduction in the presence of sodium thiosulphate. For CuTCNQ, both phases showed the 
ability to catalyse the reaction with comparable reaction rates after 80 min of reaction. The 
reported rate constant for phase II was 7.6 × 10
−2
 min
−1
 compared to 6.7 × 10
−2
 min
−1
 for 
phase I CuTCNQ. It was determined that this catalysis reaction is governed by injec-
tion/ejection charge transfer phenomena. The charge injection/ejection process was probed 
using open circuit potential (OCP) vs. time measurements and electrochemical impedance 
spectroscopy (EIS). The OCP vs. time measurements suggested that it was the increase in 
the negative charge on the surface of the catalyst that had an effect on the catalytic rate. 
Although the OCP decreased in all the cases once thiosulphate was injected, it was deter-
mined that for the silver samples (AgTCNQ), the accumulation of negative charge was not 
the rate limiting step in the catalysis process, in contrast to that observed for CuTCNQ 
sample. Similarly, EIS experiments further suggested that the semicircle component for 
 27  
 
 
AgTCNQ suggesting that there was less resistance to charge transfer at the solid-liquid in-
terface material leading to enhanced reaction rates. Although for CuTCNQ, the width of 
the semicircle was more, it was determined that the injection of charge into the material 
was predominately responsible for limiting the reaction rate. These investigations revealed 
that a fine balance between charge injection into the semiconducting material and ejection 
from the surface, which was observed in AgTCNQ was responsible for this material to be 
superior for electron transfer catalysis reactions. 
 
 
 
Figure  1. 10. SEM images of (a) pristine CuTCNQ microrods; (b) CuTCNQ microrods 
dipped in acetonitrile for 4 h; and CuTCNQ microrods reacted with (c) 1 μM, (d) 100 μM, 
and (e) 1 mM KAuBr4 in acetonitrile. Scale bars correspond to 2 μm. Figure reproduced 
from Ref 26. 
 
A galvanic replacement (GR) strategy was employed to demonstrate for the first time that 
GR reactions are not only restricted to metallic systems, but such reactions can also partic-
ipate in ionic systems such as M
+
TCNQ
-
 to produce a variety of metal/MTCNQ hybrid 
composites.
26, 27,133 
The galvanic replacement of CuTCNQ with gold ions was carried out 
in both aqueous medium
26-28 
and acetonitrile,
26-28
 which demonstrated vastly different reac-
tion mechanisms. This was primarily due to the high dissolution kinetics of CuTCNQ in 
acetonitrile. However, it does not dissolve in water. This resulted in two different kind of 
structures to be present on the surface of CuTCNQ. In the case of CuTCNQ GR in acetoni-
trile, two competing reactions occur viz. dissolution of CuTCNQ and deposition of metal 
onto CuTCNQ. This results in hollowing of the CuTCNQ, while the deposition of Au takes 
place on the its surface (Figure 1.7). When the same reaction proceeds in water, no such 
hollowing is observed. This results in only a Au/CuTCNQ hybrid structure (Figure 1.8), 
 28
where more Au is deposited on the surface in comparison to when the reaction proceeds in 
acetonitrile.   
Figure  1. 11. SEM images of (a) pristine CuTCNQ microrods; and CuTCNQ microrods 
reacted with (b) 1 μM, (c) 100 μM, (d) 1 mM and (e) 100 mM KAuBr4 in water. Scale bars 
correspond to 2 μm (panel a), 1 μm (panels b-d) and 5 μm (panel e). Fgure reproduced 
from Ref 27. 
The metal/organic semiconductor hybrids of Au/CuTCNQ fabricated through GR reactions 
in both acetonitrile and water were reported for their ability for photocatalytic degradation 
of an organic dye Congo red.
133
 It was apparent that while pristine CuTCNQ could mar-
ginally improve the photodegradability of Congo red in solar light; the photocatalytic per-
formance of these materials under solar light illumination conditions could be remarkably 
improved by utilizing Au-decorated CuTCNQ hybrids. It was further noted that beyond an 
optimum concentration of metallic Au deposition onto CuTCNQ microrods, the photocata-
lyst tended to lose efficiency, suggesting that an optimum equilibrium exists in terms of 
metal loading on this semiconducting material. The loss in this efficiency at very high gold 
loading is most likely due to the reduction in active surface area of CuTCNQ, as is also ob-
served during metal loading induced photocatalytic efficiency of inorganic semiconductors 
such as TiO2 and ZnO.
151-158
 In case of inorganic semiconductors, it is commonly observed
that a small amount of metal loading is advantageous to improve the photocatalytic effi-
ciency, as metals act as electron sinks and reduce electron-hole recombination; whereas 
higher metal loading leads to subsequent loss of activity due to reduction in active surface 
area.
154-158  
It was proposed that a similar charge recombination mechanism is likely to op-
erate in the case of MTCNQ-based organic semiconductors. A notable difference between 
a b c d e
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the photocatalytic efficiency of both Au/CuTCNQ hybrids is that while in acetonitrile, the 
Au/CuTCNQ formed at 100 µM AuBr4
– 
concentration showed the most optimum activity;
in case of water, highest activity was obtained at 50 µM. This is not surprising considering 
the observation that water-based synthesis allowed significantly higher loading of Au over 
that in acetonitrile (compare Figures 1.8 and 1.9), thereby achieving the optimum gold 
concentration even at lower concentrations in water.  
Further, Au/CuTCNQ hybrids formed using Au concentrations of 10 mM or higher 
showed catalytic activity even lower than that observed for CuTCNQ, which was attributed 
to extremely high coverage of CuTCNQ by gold, thereby causing the inability of incident 
photons to interact with CuTCNQ. It was also suggested that the underlying process for the 
Au/CuTCNQ hybrid in expediting the photocatalysis was similar to the conventional inor-
ganic semiconductor-metal junction.  
In both cases, it was suggested that in the absence of metal on the semiconductor, the inci-
dent photon of sufficient energy can interact with the electrons in the valence band (VB) of 
the semiconductor promoting them across the band gap barrier to the conduction band 
(CB). This results in the generation of hole (h
+
) in the VB which combines with the elec-
tron (e
–
), a process commonly known as the electron/hole recombination.
155
 In the presence
of metal on the surface of the semiconductor, a Schottky barrier is formed at the junction 
because of the differences in the Fermi energy levels of the metal and semiconductor.
156
There is a continuous transfer of electrons because of the difference in Fermi levels until 
equalization of the Fermi energy levels is achieved, resulting in the distribution of elec-
trons between the semiconductor and metal nanoparticles.
157 
This suppresses the elec-
tron/hole recombination phenomenon leading to an increase in the photocatalytic perfor-
mance. Therefore, by controlling the loading of metal on to the semiconductor surface, the 
electron/hole recombination phenomenon could be controlled. However, it is important to 
note that there exists an equilibrium condition in the metal loading process, wherein excess 
metal loading becomes detrimental in enhancing the photocatalytic performance of the ma-
terial. 
Such GR reactions were also shown to occur on isolated metallic structures on conducting 
supports other than metals, for instance, glassy carbon (GC). The GR mechanism was sug-
gested to occur through a process of lateral charge propagation.
158
 Such mechanism was
first observed in the case of isolated nanostructures of Cu and Ag where a GR with gold 
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found that gold nanoparticles deposition not only occurred on the surface of the metal, but 
also in the surrounding unmodified areas of the conducting substrate. It was suggested that 
the rate of charge propagation could provide a facile control over the morphology of the 
replaced ions. Similar to the GR reaction mentioned previously, Au/MTCNQ (M = Cu or 
Ag) composites were fabricated through a lateral charge propagation, where isolated mi-
crostructures of MTCNQ were first synthesized on a conducting GC electrode via electro 
deposition technique.
159
 In this technique, a potential was applied at the GC substrate in the 
presence of TCNQ and either Cu or Ag ion precursor. Depending on the potential applied, 
either continuous films or isolated structures of CuTCNQ or AgTCNQ could be obtained. 
The isolated structures obtained through electrodeposition were used for GR reactions in 
water with AuBr
4-
 ions. The activity of the resultant Au/MTCNQ hybrids including mate-
rials obtained from different gold or silver ion concentration and at different time points 
were determined for the electron transfer reaction between ferricyanide and thiosulphate 
ions. It was noted that as the concentration of metal ions and the time of GR reaction was 
increased, an increase in the rate of catalysis was observed. It may however be noted that 
in this particular case, the material formed through lateral charge propagation had a combi-
nation of Au/MTCNQ or Ag/MTCNQ hybrid as well as discrete Au
0
 or Ag
0
 nanoparticles 
on GC substrate, both of which are likely to participate in this electron transfer reaction.  
GR reactions were also used to fabricate a range of metal-semiconductor composite mate-
rials of TCNQ including Pt/CuTCNQ, Pd/CuTCNQ, Au/CuTCNQ, Rh/CuTCNQ, 
Pt/AgTCNQ, Pd/AgTCNQ, Au/AgTCNQ and Rh/AgTCNQ. It was interesting to note that 
although the GR process yield zerovalent metallic nanostructures on the surface of 
MTCNQ, these metal clusters varied in size from 20-200 nm.
135 
Further, these hybrids 
were used for the catalytic reduction of Cr
6+
 to Cr
3+
 at ambient room temperature (20 °C) 
and elevated temperatures (50 °C) as well as in the presence of two different electron do-
nors viz. thiosulfate ions and formic acid. Among the several composites, the materials 
containing Au and Rh metals showed low catalytic activity. The Pt and Pd-based MTCNQ 
hybrids showed superior activity. In fact between CuTCNQ and AgTCNQ; CuTCNQ 
based composites had better activity over AgTCNQ based composites while using either 
thiosulfate ions or formic acid as electron donors. The catalytic efficiency was also as-
sessed at higher temperatures. The calculated reaction rates (summarized in Table 1.3) 
suggested that the Pt/CuTCNQ sample showed the highest activity and the least time to 
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convert Cr
6+
 to Cr
3+
, while use of formic acid as an electron donating source showed sig-
nificantly better efficiency. Metal concentration was also varied where an optimum loading 
of the metal was required to achieve maximum catalytic efficiency. This efficiency was 
due to the smaller size of the nanoparticles at lower concentrations.  
 
Table  1. 3. Summary of the reaction rates observed for M/CuTCNQ and M/AgTCNQ hy-
brids at ambient (20 °C) and elevated temperatures (50 °C). Adapted from Ref 
28 
 
Samples based on Cu Thiosulfate ions  
(min
-1
) 
Formic acid  
(min
-1
) 
CuTCNQ 1.0 x 10
-5
 5.1 x 10
-4
 
Pt/CuTCNQ (20 °C) 2.8 x 10
-3
 7.7 x 10
-3
 
Pd/CuTCNQ (20 °C) 2.8 x 10
-4
 1.0 x 10
-3
 
Au/CuTCNQ (20 °C) 4.8 x 10
-5
 6.6 x 10
-4
 
Rh/CuTCNQ (20 °C) 4.5 x 10
-5
 6.2 x 10
-4
 
AgTCNQ 8.6 x 10
-6
 4.9 x 10
-5
 
Pt/AgTCNQ (20 °C) 9.3 x 10
-4
 3.2 x 10
-3
 
Pd/AgTCNQ (20 °C) 7.7 x 10
-4
 1.8 x 10
-3
 
Au/AgTCNQ (20 °C) 4.1 x 10
-5
 5.8 x 10
-4
 
Rh/AgTCNQ (20 °C) 4.3 x 10
-5
 5.7 x 10
-4
 
Pt/CuTCNQ (50 °C) 4.5 x 10
-3
 3.7 x 10
-3
 
Pd/AgTCNQ (50 °C) 2.7 x 10
-3
 5.6 x 10-3 
 
 Research motivation 1.8
The work presented in this thesis focuses on developing facile solution based strategies to 
fabricate a library of new phototunable hybrid materials based on TCNQ on 3D templates. 
The creation of hybrids by combining the strengths of two independent materials enhanced 
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the optical properties thereby providing a facile control over the applicability of the result-
ant materials. The catalytic ability of these hybrids under different light illumination condi-
tions depending on the photoactive components is a major focus of this thesis.  
The ability of nanomaterials to absorb light has important implications in optically active 
processes such as photocatalysis. To achieve optical tunability in nanomaterials, the most 
common strategy involves material engineering. For instance, dopant-mediated band-gap 
engineering of UV-absorbing TiO2 allows it to show activity on visible light excitation. 
Another less common, yet strongly emerging approach to create phototunable materials is 
by hybridising two or more materials, each offering a distinct optical property. Surprising-
ly, most of the current approaches that attempt to create phototunable materials emphasise 
on shifting activation energy barrier from UV to visible region. Considering that the solar 
irradiation reaching the earth’s surface has 3% UV, 44% Vis and 53% IR (Source: NASA), 
a major technological gap can be captilized by creating IR-active photocatalytic materials. 
It is indeed the central goal of this thesis. By creating a multi-component hybrid system 
that can absorb UV-Visible-IR light by combining IR-active MTCNQ organic charge 
transfer complexes with UV-active inorganic oxide semiconductors and Vis-active noble 
metals; a new strategy is proposed to use majority of the solar spectrum for practical appli-
cations. This smart combination of carefully chosen components will make these materials 
phototunable by allowing light-selective activation of individual components, making them 
operational across a wide spectrum, thereby leading to new applications of such materials.  
Further, the ability to grow these hybrids using facile solution based strategies on a large 
scale by employing 3D templates as unqiue substrates significantly widens the scope of 
such materials for new applications by offering high surface area and porosity, two very 
desirable features. By understanding the optoelectronic and opto-electrochemical charac-
terstics of the materail will generate new mechanistic insights into light-modulated behav-
iour of such hybrids. This will allow these materials to be employed for next generation 
applications, including, as phototunable reusable catalysts for environmental protection.  
 
 33
 Thesis Outline 1.9
The work presented in this thesis describes developing and studying novel hybrid photoca-
talysis systems based on hybrids of metal/ inorganic semiconductor and inorganic/organic 
semiconductors for catalytic reactions.  
The chapter breakdown of the thesis is as follows: 
Chapter II contains the principles of all the techniques used in this research for the 
characterising the materials synthesised during the course of this thesis. The characterisa-
tion methods include: Scanning Electron Microscopy (SEM), UV-visible spectrometry 
(UV-Vis), Raman Spectroscopy (Raman), X-Ray Diffraction (XRD), Energy Dispersive 
X-ray (EDX) spectroscopy, X-ray Photoelectron Spectroscopy (XPS) and Ultraviolet pho-
toelectron spectroscopy (UPS). 
Chapter III focus on developing rapid and facile solution-based routes to fabricate 
MTCNQ structures on 3D (cotton) substrates. This specifically investigated (i) metal coat-
ing of substrates with Cu and Ag, followed by (ii) spontaneous reaction of these metals 
with acetonitrile solutions of TCNQ to form CuTCNQ and AgTCNQ. Since substrate-
bound metal-component gets consumed while reacting with TCNQ, the ratio of met-
al/MTCNQ on a substrate can be fine-tuned to generate a suite of interesting materials. The 
physico-chemical properties of these materials were investigated using a variety of micros-
copy, spectroscopy, crystallography, and electrochemistry and electronics techniques. The 
light source dependent catalytic activity was investigated where the IR active MTCNQ re-
sulted in the highest catalytic efficiency under IR light illumination conditions. The mech-
anistic understanding of charge transfer processes studied, using opto-electrochemical tools 
such as OCP and EIS provided vital clues on the efficiency of charge accumula-
tion/injection at the solid-solution interface under the influence of different light sources.  
Chapter IV focus on the growth of ZnO nano-arrays, a wide band gap metal oxide. 
Considering that the main focus of the thesis was to fabricate materials on unique 3D tem-
paltes, first a solution based strategy involving two steps viz. sol gel and hydrothermal 
strategy was developed on 2D susbtrate. The influence on different reaction parameters on 
obtaining uniform nanoarrays was first established on 2D substrates. Using these parame-
ters, the growth of uniform ZnO nano-arrays were then optimised on 3D substrates. A hy-
brid ZnO/Ag material was formed by decorating ZnO nano-arrays with AgNPs using a 
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electroless deposition method. The applicability of these hybrids was studied for dye deg-
radation reaction under UV-light illumination conditions. 
Chapter V focuses on the fabrication of ZnO@MTCNQ hybrids on 3D cotton bud 
matrix and applied for photo-active catalysis reactions. As these hybrid materials contains 
UV active component (ZnO), visible active metal and MTCNQ and IR active MTCNQ 
component, the catalytic performance of both reductive and oxidative reactions was stud-
ied by appliying these light sources. The property of MTCNQ was signficiantly influenced 
by the formation of heterojunctions. These junctions had a major effect not only on the cat-
alytic ability but also the electronic properties of these hybrid materails. Of the two hybrids 
ZnO@CuTCNQ and ZnO@AgTCNQ, the latter had a pronounced effect on the charge 
transfer characterstics leading to enhanced catalysis.  
Chapter VI provides a summary of the current body of work and outlines a scope 
for future possible research in the area.    
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Chapter II 
ANALYTICAL AND CHARACTERISA-
TION TECHNIQUES 
The operating principles of the different experimental characterization techniques used during the 
course of the present work are discussed in this chapter.  
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 Introduction 2.1
A wide range of analytical techniques has been employed to obtain physical and chemical 
properties of the different semiconducting photocatalyts. The photocatalytic activity of a 
semiconductor material depends on both surface and structural properties. The composi-
tion, crystalline structure, and electronic properties are intrinsically correlated; however, 
surface characteristic such as surface area and particle size distribution can be independent-
ly modified. On the other hand, for nanomaterials, size becomes an important feature af-
fecting the physical properties, such as the optical band gap. Moreover, the particle size is 
of primary importance in heterogeneous photocatalysis, because it is directly related to the 
efficiency of a catalyst through the enhancement of its specific surface area.  
This chapter explains the basic principles governing the techniques used. This includes 
several spectroscopy and microscopy techniques such as UV-visible spectrometry (UV-
Vis), Fourier transform infrared spectroscopy (FT-IR), Raman and, X-ray diffraction using 
a General Area Detector Diffraction System (GADDS XRD), electron microscopy includ-
ing TEM and SEM, energy dispersive X-ray analysis (EDX) and X-ray photoelectron spec-
troscopy (XPS) and Ultraviolet photoelectron spectroscopy (UPS). 
 
 UV-Visible Absorption Spectroscopy (UV-vis spectroscopy) 2.2
There are multiple phenomena in the interaction of light with materials. When light is 
passed through a solution, the intensity of illuminated light is always different from the in-
tensity of the emerging radiation. This could be partly related to reflection or scattering or 
emission in the sample, but mainly depends on absorption by the matter.
1
 When light is ab-
sorbed by a material, it can make excitation and electronic transition within the material. 
Photon with proper energy can excite an electron from a bonding or non-bonding orbitals 
to an anti-bonding orbital. Thus, there should be a relation between adsorbed energy by the 
matter and also energy of the initial light beam. As the energy of the photon is dependent 
on the wavelength of the beam, the energy necessary for making an electronic transition 
from the ground state to the excited state can be measured by detecting the wavelength of 
the incident light beam as: 
∆𝐸 = ℎ𝑣 =
ℎ𝑐
𝜆
       (1) 
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where ΔE is the energy required to induce a transition from the ground state to the excited 
state; λ and ν relate to frequency and wavelength of the light, h is the Planck’s constant 
(6.626×10
-34
 J.s); c is the velocity of the light and 𝜆 is the incident light wavelength.  
Single photon absorption can be explained through the Beer-Lambert law relating the in-
tensity of the incident light - I0, to the intensity of transmitted light through the sample - I, 
via the equation: 
log10
𝐼0
𝐼
=  𝜀𝑐𝑙 = 𝐴     (2) 
Where ε, c, l and A are related to the molar extinction coefficient of the sample, molar con-
centration, sample thickness and absorbance or optical density of the materials, respective-
ly.
2  
As the absorbance is directly related to the concentration of the sample, by a simple 
UV-Vis spectroscopy and extracting the standard curve, concentration of an unknown 
sample can be determined. Thus, this can be a quantitative technique for understanding the 
concentration of dyes/analytes in catalytic reactions, which are presented in this thesis.  
In this thesis, UV-visible spectra were obtained on a Cary 50 Bio spectrometer, op-
erating at a resolution of 1 nm over a wavelength range of 200-1000 nm. 
 
 Vibrational Spectroscopy 2.3
Vibrational spectroscopies are widely used to characterize materials because they are non-
destructive and non-invasive tools that provide information on the molecular composition 
and structure of a material. The two analytical techniques, viz. infrared and Raman spec-
troscopy, measure vibrational energy levels which are associated with the chemical bonds 
in the sample. The spectrum is unique, like a fingerprint, and vibrational spectroscopy is 
used for identification, characterization, structure elucidation, reaction monitoring, and 
quality control. FTIR and Raman have been implemented for in situ characterization of the 
catalyst. 
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 FT-IR Spectroscopy 2.3.1
Infrared spectroscopy is a technique based on the detection of the vibrations of the atoms 
of a molecule through measuring the absorbance of electromagnetic light by the sample.  
IR spectrum is usually obtained by passing the infrared light through a sample and measur-
ing the specific energy at which light is absorbed. The IR wavelength range (700 nm to 1 
mm) matches with the energies needed to excite fundamental modes of rotation and vibra-
tion in materials.  
The IR spectrum of a molecule can provide valuable information about the structure and 
orientation of that particular molecule based on the presence of certain vibrational frequen-
cis.
4
 The vibrational frequency can be calculated using the following equation: 
𝜈 =
1
2𝜋
√
𝑘
𝜇
         (3) 
Where k is the force constant of the associated chemical bond and µ is the reduced mass.  
IR spectroscopy is a non-destructive technique which can be used for various types of 
samples such as gases, liquids, solids, powders, fibres, etc. this method is a surface sensi-
tive technique and can detect very small number of molecules such as 10-5 monolayers. 
In this thesis, FT-IR has been used to characterize the nanostructures of organic semicon-
ductors (MTCNQ) and metal oxides structures. In this thesis, Perkin Elmer Spectrum 100 
instrument equipped with micro-ATR (diamond ATR crystal), in the range of 650-4000 
cm
-1 
region with a resolution of 2 cm
-1 
was used to obtain all the FT-IR spectra. Each spec-
trum represents an average of 20 scans. The background spectra were subtracted from the 
respective signals before presenting in this thesis.  
 
 Raman Spectroscopy 2.3.2
Complimentary to infrared spectroscopy, Raman spectroscopy is sensitive to changes in 
the vibrational states of molecules which alter their polarizability in contrast to changes in 
dipole moment in infrared spectroscopy.
3
 When a photon interacts with a molecule and is 
in elastically scattered there occurs a net effect where the frequency of the scattered elec-
tron is altered lightly. This change in frequency can then be used to form the basis of a 
spectroscopy.
4 
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 In Raman spectroscopy, the sample is excited by a monochromatic light source and the 
scattered light is detected. The majority of the scattered light has the same frequency as the 
excitation source and only small part of this scattered light (5 to 10 % of the incident light 
intensity) is shifted as a result of the interactions between the incident electromagnetic 
waves and vibrational energy levels of the molecules in the sample.  
Raman spectrum of a sample can be obtained via plotting the intensity of the Raman shift 
versus frequency. In this spectrum, the peak positions will be at frequencies related to the 
energy levels of different functional group vibrations.
5 
Although instrumentation and work-
ing protocols with Raman is more complicated, this method has the advantage of being 
more adaptable and useful due to the different incident energies. 
Similar to FT-IR, Raman spectroscopy is also a nondestructive method and is less affected 
by the environment. Moreover, the new Raman systems are highly sensitive, and chemical 
imaging has also been developed, as well as in situ analysis of surface processes.
5
  
Raman spectrum can be used to differentiate the formation of organic charge transfer com-
plexes such as 7,7,8,8-Tetracyanoquinodimethane (TCNQ), which is presented in this the-
sis. The unique fingerprint of TCNQ in the neutral state and reduced state makes this tech-
nique an important characterization tool to validate the formation of MTCNQ charge 
transfer complexes.  
The Raman spectra presented in this thesis were obtained on a Perkin-Elmer Raman Sta-
tion 200F. All samples were carried out with best Raman focus and 100% laser (785 nm) 
power with 5 sec exposure time and 10 acquisitions averaged. 
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 Photoemission spectroscopy (PES)  2.4
Photoelectron spectroscopy (PES) refers to energy measurement of electrons emitted from 
solids, gases or liquids by the photoelectric effect, in order to determine the binding ener-
gies of electrons in a substance. The term refers to various techniques, depending on 
whether the ionization energy is provided by an X-ray photon, a EUV photon, or an ultra-
violet photon. Regardless of the incident photon beam however, all photoelectron spectros-
copy revolves around the general theme of surface analysis by measuring the ejected elec-
trons. 
 
 X-ray Photoelectron Spectroscopy (XPS) 2.4.1
X-ray photoelectron spectroscopy, also popularly known as Electron Spectroscopy for 
Chemical Analysis (ESCA), is a surface-sensitive analytical technique that relies on the 
Photoelectric Effect discovered by Einstein (Nobel Prize 1921). It is a semi-quantitative 
method for obtaining composition and chemical state information.
6
 Because it is a surface-
sensitive technique and the photoelectrons generally have low kinetic energies, XPS exper-
iments must be conducted in an ultra-high vacuum (UHV) environment (10
-9
 – 10-10 Torr). 
In XPS, a monochromatic source of x-rays is directed at the sample (photons of fixed ener-
gy given by 𝐸 = ℎ𝜈) that interacts and is absorbed by the sample leading to ionization of 
the atom (A) and emission of core electrons (inner level) termed as photoelectrons from the 
top layer of the sample surface Figure 2.1. 
𝐾𝐸 = ℎ𝜈 − 𝐵𝐸 − 𝛷          (4) 
where KE is the kinetic energy of the photoelectron, BE is the binding energy associated 
with the excited electron in a particular orbital and Φ spectrometer is the spectrometer (i.e. 
detector) work function. Given that the BE of each element’s orbitals is unique and is de-
pendent on bonding environment, it can act as ‘fingerprints’ for identifying elements and 
chemical compounds.
6 
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Figure  2.1. Schematic of photo-ionization of the electron in XPS. 
Through a simple algebraic rearrangement, it can be seen that if the kinetic energy of the 
ejected electron is known, then the original binding energy of the electron can be deter-
mined. As previously mentioned, all elements have unique electronic configurations and 
hence electron binding energies and will therefore result in different XPS spectra.
 
Photoe-
lectron spectroscopy can be used as a qualitative method for determining the elemental 
composition of a sample surface through experimental comparison with calculated core 
level binding energies or comparison with derived spectra from standard samples, however 
quantitative assessments of samples are much more difficult.
7
 
X-ray photoelectron spectroscopy (XPS) surface analyses were carried out by a Thermo 
Scientific K-Alpha instrument using un-monochromatized Mg Kα radiation (photon energy 
1253.6 eV) under vacuum better than 10
-9
 Torr at pass energy of 50 eV and electron take 
off angle of 90°.  
 
 Ultraviolet photoelectron spectroscopy 2.4.2
Ultraviolet photoemission spectroscopy (UPS) is analogous to XPS but the excitation 
source is a helium discharge source.  Depending on the operating conditions of the source 
the photon energy can be optimised for He I = 21.22eV or He II = 44.8eV which is signifi-
cantly lower energy than Al or Mg Kα used in XPS.  As with XPS the BE is related to the 
measured photoelectron KE by the simple equation:  
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BE = hν – KE       (5) 
where hv is the photon (X-ray) energy.  
The consequence of this lower photon energy is that only the low binding energy valence 
electrons may be excited using the He source.  A further consequence of the low photon 
energy is UPS is more surface sensitive than XPS and thus very sensitive to surface con-
tamination. UPS is very useful as a technique to determine the work function of the materi-
al being analysed and is finding increasing application in characterisation of organic and 
inorganic photovoltaics, organic LEDs.
8
Figure  2.2. Schematic of photo-ionization of the electron in XPS. 
 Photoemission Spectroscopy in Air (PESA) 2.4.3
In PESA spectroscopy, the incident radiation is scanned across a range of energies (3.4 to 
6.4 eV) which permits available electrons to be photo emitted from the sample through the 
photoelectric effect. An electron that has been photo emitted from its ground state is accel-
erated away from the sample by a weak positive bias (sample is at 0 V) and in the process 
is picked up by an oxygen molecule in air. The singlet oxygen radical anion continues to 
accelerate away from the sample and subsequently enters a high voltage gradient which 
causes an electron avalanche to occur through an electron cascading process involving ni-
trogen gas. The free electrons involved in this avalanche process are detected at the anode 
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and through calibration are correlated to the photoelectron yield (Y) of the sample. Macro-
scopic charging of the sample is minimized by using very weak UV intensities (4 – 400 
nW/cm
2
) for photoemission and by depositing materials as thin films on conductive sub-
strates which are subsequently grounded during measurements. The PESA measurement 
offers a simple means to the determination of a material's ionization energy; however, the 
samples do need to be exposed to air. 
Evidently, for samples which oxidize rapidly or can be contaminated by air-bound hydro-
carbons and water, the measured photoionization energy can be significantly altered as a 
result.
9
 
Photoelectron spectroscopy in air (PESA) measurements were carried out in the 4.2 – 6.2 
eV range on a Riken Keiki AC-2 spectrophotometer using a light power of 20 nW/cm
2
. 
 
 X-Ray Diffraction (XRD) 2.5
The photocatalytic activity of semiconductor materials mainly depends on its intrinsic 
properties, such as the composition and crystalline structure. In this regard, it is important 
to know the active crystalline phase or mixture of phases in the photocatalyst. One of the 
most important techniques used to identify the crystalline phases in materials are X-ray dif-
fraction (XRD).
10 
X-ray diffraction involves the measurement of the intensity of X-rays scattered from crys-
tals. Waves scattered at atoms at different positions arrive at the detector with a relative 
phase shift, producing constructive and destructive interference patterns depending on the 
angle and the relative atomic positions. The easiest access to the structural information in 
crystals is using the Bragg equation, which describes the principle of X-ray diffraction in 
terms of a reflection of X-rays by sets of lattice planes: 
𝑛𝜆 = 2𝑑 𝑠𝑖𝑛 𝜃      (6) 
where n is the order of diffraction and is equal to the number of wavelengths in the path 
difference between rays scattered by adjacent planes, λ is the wavelength of the incident 
photon, d is the interplanar distance, and θ is the diffraction angle.  
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In the case where the angle of incidence and the wavelength of X-rays are known, the 
Bragg equation can be rearranged to allow the interplanar spacing to be calculated that can 
be given by: 
𝑑 =  
𝑛𝜆
2 sin 𝜃
(7) 
By calculating the inter-planar spacing, structural information about the crystal planes of 
the synthesized materials can be determined.
10
Figure  2.3. Schematic description of Bragg’s Diffraction Law. 
The X-ray diffraction technique is a powerful non-destructive tool for phase identification 
of crystalline samples. Unlike other techniques to obtain the chemical composition, XRD 
does not give elemental composition but can distinguish different packing ways of the 
same set of elements.  
All XRD patterns presented in this thesis were obtained using a Bruker AXS D8 Discover 
with a General Area Detector Diffraction System (GADDS) micro diffraction instrument 
operating at 40 kV and 40 mA over an angular – (2θ) range of 15 – 90°.  
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 Scanning Electron Microscopy (SEM) 2.6
One of the most common methods for characterising the morphology of electrodeposited 
materials is scanning electron microscopy (SEM). While based on similar principles to 
conventional optical microscopy, SEM offers a number of advantages for the analysis of 
electrodeposited surfaces, foremost amongst them the greater resolution power which can 
be achieved by SEM. Imaging in optical microscopy is based on the illumination of the 
sample with visible light, which is reflected towards one or more lenses where the image is 
magnified. However one of the largest limitations on the application of optical microscopy 
to study electrodeposited materials is the resolution limit brought about by the wavelength 
of the illuminating light.  
To image the submicron materials the light beam is replaced by an electron beam with 
much smaller wavelength and optical lenses are replaced with magnetic lens. Using elec-
tron beam gives the advantage of controlling the wavelength of the beam by controlling 
voltage used to accelerate electron in the microscope column. As the wavelength of an 
electron beam is always in Angstrom orders, the resolution of the image would make these 
types of microscopes an excellent candidate for imaging nano-materials. 
Scanning electron microscope (SEM) is one of the electron microscopy techniques, which 
can provides information about the surface of the materials for morphological studies. In 
SEM electron beam is emitted from an electron gun which could be either a thermionic 
emitter or a field emission gun (FEG). Emitted electron beam with energy ranging from 0.2 
to 40 keV is focused by passing through microscope column containing several condenser 
lenses to nm range sizes. Finally, a deflector lens is used to control the position of the elec-
tron on the sample and give the ability of scanning the surface of the sample in a raster 
scanning. The incident electron can have different interactions. As the electron interacts 
with the mater based on the energy of the electron and also interacting materials, elements 
can go through either elastic or inelastic interactions. Electron interaction with materials 
can result into different phenomena, including heat, visible light, x-ray emissions, 
backscattered electrons, diffracted backscattered electrons and low-energy secondary elec-
trons. Among these, backscatter and secondary electrons are the most common techniques 
used for imaging via pseudo 3D SEM images. 
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The incident electron beam can be reflected or back-scattered out of the interaction region 
with elastic scattering. This scattered high-energy beam is known as backscattered electron 
beam and since the heavier elements backscatter electrons more strongly than lighter ones 
this technique could be used for imaging. Chemical compositions of the scanned material 
can be achieved as a brighter area in a picture is related to heavier element in the backscat-
tered image.
11 
When an electron beam is scattered in the material, a part of the incident electrons can pass 
near the atoms and can impart some of its energy to the electron in the atom with lower en-
ergy and can thereby ionize the electron in the atom. This ionized electron can leave the 
atom with very small kinetics (5 eV). One incident high energy electron has enough energy 
to make several ionized electrons during its interaction. The electron beam generated from 
this inelastic interaction is known as secondary electrons. Due to the low kinetic energy, 
these electrons have a short free path. Thus only part of the secondary electrons related to 
the atoms located near the surface can exit the sample and be examined. Thus, this tech-
nique is highly topology depended. These electrons are collected through a “collector” 
with positive charge placed in front of the detector to be able to count the generated sec-
ondary electron to build image via pseudo 3-dimensional SEM images.
12 
In this thesis, SEM images of all samples was obtained on a FEI NovaSEM, operating at an 
accelerating voltage of 15 kV, with a spot size of 3.5 nm and a working distance of 5 mm. 
 
 Energy Dispersive X-ray Analysis (EDX) 2.7
While electron microscopy provides a valuable method of characterizing the morphology 
and crystallography of an electrodeposited surface, these techniques may also be used to 
provide elemental analysis of the samples. As previously mentioned, the interaction of the 
primary beam of electrons with a sample can lead to a number of different emissions, one 
of which is the excitation of a core shell electron to an excited state, where its decay to 
back to its ground state leads to the emission of an X-ray. The energy of these X-rays is 
characteristic of the atomic shells from which they were released, and can therefore be 
used to provide qualitative and quantitative information on the elemental composition of a 
surface. As both the TEM and SEM rely on the investigation of the sample by a beam of 
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electrons, both of these techniques lead to the generation of X-rays and so energy disper-
sive  
X-ray spectroscopy (EDX, also referred to as EDS) may be used on either instrument.
12
It is important to note that when the beam of primary electrons is incident upon the sample 
these electrons tend to penetrate into the surface in a tear-drop like shape. While only the 
surface and near-surface atoms are able to release secondary electrons which can be rec-
orded at the detector as these electrons undergo fewer collisions on their way to the detec-
tor, the X-rays generated are not hindered as easily and can reach the detector from further 
into the sample. This property means that the information given from EDX is reflective not 
only of the immediate surface layer but also to a larger degree of the sub-surface layers. 
EDX can therefore be considered to be more representative of the bulk composition of the 
material rather than as a surface sensitive technique. In addition to acquiring information 
from a particular spot on a surface, an EDX map of a surface can also be generated by ras-
tering the electron beam across the surface and correlating the emitted X-rays with the po-
sition of the beam, showing elemental distribution across a surface.
13
EDX analysis conducted in the body of work was performed on a FEI Nova NanoSEM in-
strument coupled with an Oxford Instruments, X-MaxN detector. 
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Chapter III 
M@MTCNQ heterojunction for 
catalysis applications 
Photo activity is central to a number of important natural and engineered processes. 
These include photosynthesis that enables plants to produce nutrients and oxygen, and 
artificial photo catalysis using nanomaterials to harvest energy and degrade hazardous 
organic pollutants. The solar irradiation reaching the earth surface is primarily consist-
ed of low-energy infrared (IR) light (~53%), along with contributions of higher energy 
visible (~44%) and UV (~3%) components. Since the development of IR-responsive 
photocatalytic materials remains challenging, most of the available photocatalysts are 
either UV active or are marginally active in visible light. In this chapter, the outstand-
ing photo-enhanced charge transfer ability of metal-organic charge transfer complexes 
based on 7, 7, 8, 8-tetracyanoquinodimethane (TCNQ) across the visible and IR spec-
trum is discussed. The practical applicability of these materials is demonstrated by 
growing them on a high surface area cotton substrate and studying the photo-induced 
reductive catalytic ability. The mechanism of the underlying charge-transfer redox 
processes under different photo-excitation conditions is elucidated. 
 Part of the work presented in this chapter has been published
Anderson, S. R.; Mohammadtaheri, M.; Kumar, D.; O’Mullane, A. P.; Field, M. 
R.; Ramanathan, R.; Bansal, V. Robust Nanostructured Silver and Copper Fabrics 
with Localized Surface Plasmon Resonance Property for Effective Visible Light 
Induced Reductive Catalysis. Advanced Materials Interfaces 2016, 3, 1500632 
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3.1. Introduction 
Metal-organic charge transfer complexes, particularly those based on metal-7,7,8,8-
tetracyanoquinodimethane (MTCNQ, where M = Cu or Ag) have received significant at-
tention due to their success as active materials in opto-electrical switching and field emis-
sion devices.
1
 Over the past 60 years, the pioneering work independently led by Dunbar,
Bond and Miller have underpinned the importance of synthesizing these metal-organic 
semiconductors using different chemical, physical, electrochemical and photochemical ap-
proaches.
1-4
 However, the predominant use of two-dimensional (2D) substrates (e.g. metal
foils and thin films) for fabricating such materials has severely restricted their application 
to electronics.
5-8
 Given the breadth of different TCNQ-based charge transfer complexes
with unique physicochemical properties,
1-4, 9
 the ability to fabricate these technologically
important materials on three-dimensional (3D) substrates could increase their potential for 
a range of applications beyond conventional electronics, such as catalysis, sensing and bi-
omedicine.
10
 This is because, 3D substrates offer several desirable attributes, such as high
surface area and porosity, low cost, flexibility, and amenability for scale-up through facile 
process ability in solutions, that remain unmatched by their 2D counterparts.
5-8, 11
 This was
indeed shown through the growth of MTCNQ nanostructures within the 3D thread network 
of textiles, where the potential of such materials was expanded for gas sensing
6, 7
 and anti-
bacterial applications.
8
An important application that relies heavily on high surface area materials is photocataly-
sis. Inorganic semiconductor oxides such as TiO2 and ZnO predominantly dominate this 
field; however the ability of pristine oxides to absorb only UV light limits their photo-
efficiency.
12-15
 This is because UV light corresponds to only 3% of the solar irradiation.
16, 
17
 Strategies such as band-gap engineering and decoration of oxides with metal nanoparti-
cles have been able to expand their light absorption capabilities into the visible region.
12, 13, 
15, 16, 18-20
 Similarly, the localized surface plasmon resonance (LSPR) properties of metal 
nanoparticles have recently started showing potential in visible light-induced photocataly-
sis.
19, 21-23
 However, considering that UV and visible light components jointly contribute to
only 47% of the solar irradiation, there remains a major opportunity to exploit the remain-
ing 53% of the infrared (IR) light to achieve highly efficient solar driven photocatalysis.
16, 
17
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In this chapter, this challenge has been addressed by liquid-phase engineering of high as-
pect ratio nanorod arrays of M@MTCNQ (where M = Cu or Ag) on to cotton fibrils inter-
woven within the 3D matrix of a cotton bud. Since metal nanoparticles can efficiently ab-
sorb visible light
23
 and MTCNQ is a strong absorber also of IR light,
24, 25
 the M@MTCNQ 
hybrids offer new opportunities to harvest up to 97% of solar irradiation. Additionally, the 
high surface area offered by cotton fibrils alongside the macroscopic porosity of cotton al-
lows access to a large number of catalytic sites as well as enhanced light absorption capa-
bilities. Since efficient charge transfers at the catalyst/solution and the metal-
semiconductor interfaces play a critical role in dictating the overall photocatalytic perfor-
mance, these properties of M@MTCNQ-decorated cotton has been evaluated to establish 
their utility as a recyclable photocatalyst for reductive photocatalysis.  
 
 Approaches for efficient charge separation in semiconductors  3.2
In literature, a variety of approaches have been proposed to promote the charge separation 
and migration in semiconductors, thus resulting in reduced recombination and hence im-
proved photocatalytic activity. These strategies include: 
(i) metal/semiconductor heterostructures  
(ii) coupling of two semiconductors with different band gap energies making semi-
conductor/semiconductor heterostructures  
(iii) Simultaneous scavenging of holes and electrons by surface adsorbed redox species 
(iv) Charge carrier trapping 
 
In this thesis, the main focus is in the creation of a metal/semiconductor heterojunction and 
the application of such heterojunctions in photo catalysis. Integration of metal (usually no-
ble metals) with semiconductor is one of the common hetrostructures that harness the 
charge kinetic property in semiconductors. The metal can play a variety of roles in the im-
provement of photocatalytic performance. There are three main charge transfer mecha-
nisms involved in metal–semiconductor hybrid photocatalysts viz. Schottky junction, Ohm-
ic junction and plasmonic effect.  
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Depending on the type of metal, semiconductor and the wavelength of incident light, these 
mechanisms may work together or independently. When a metal is in direct contact with a 
semiconductor Schottky junction or Ohmic junction can be formed. The formation of these 
junctions depends on the work functions of both the metal (Φm) and semiconductor (Φs). 
For a metal and semiconductor, the work function (Φ) represents the difference between 
the vacuum level (Eva) and fermi level (Ef) energies. For an n-type semiconductor, if the 
Φm > Φs, a Schottky barrier is formed. Therefore, electrons transfer from the semiconduc-
tor to metal resulting in the alignment of the Fermi levels. The transfer of electrons to met-
al results in a depletion region to be formed at the interface. The difference in the work 
function will dictate either an upward or downward band bending in the depletion region. 
On the other hand, if the Φm < Φs, an Ohmic junction is formed. In this case, the junction 
only acts as a resistor and allows for the electrons to be transferred from metal to semicon-
ductor.  
The interaction between two different materials with different work function can occur be-
cause of their different chemical potential. For example, the electrons can transfer from a 
material with lower work function (high Fermi level) to another material with high work 
function (low Fermi level) when they contact each other. If the work function of an n type 
semiconductor (Φs) is lower than that of the metal (Φm), the electrons will transfer from
the semiconductor to the metal until thermodynamic equilibrium is established between 
metal and semiconductor when they contact each other, that is, the Fermi level (Ef) of the 
semiconductor and metal at the interface is the same. Under equilibrium, a double layer 
will be established at the metal/semiconductor interface, where the metal is negatively 
charged and the semiconductor is positively charged near its surface due to its electrostatic 
induction. As a result, the free charge carrier concentration near the semiconductor surface 
is depleted compared with the bulk. This region is called the space charge region and, 
hence, as the electron is depleted, it is also named depletion layer. If the semiconductor 
work function is higher than that of the metal, the electron will flow from the metal to the 
semiconductor and will accumulate in the space charge region. This region is called the ac-
cumulation layer. Due to build in potential between the semiconductor and metal the ener-
gy band edges in semiconductor are continuously shifted, and this phenomenon is called 
band bending. The energy bands bend upward toward the interface when ΦM > ΦS while
the edges bend downward toward the interface when ΦS < ΦM.
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In the case of plasmonic effects, even when an insulating interlayer is between the metal 
and semiconductor, it can still have an effect on the charge kinetics. Noble metals such as 
Au, Ag and Cu have strong plasmonic properties with ability to absorb light in visible re-
gion.
43
 In addition to the metal type, the plasmonic properties of metal nanoparticles de-
pend on their sizes and shapes as well as the dielectric properties of the surrounding media. 
Plasmonic effect can only occur under specific circumstances, while Schottky/Ohmic junc-
tions can be formed as long as the metal and semiconductor have appropriate work func-
tions and are in contact with each other. 
Early investigations revealed that metal/semiconductor composites enhance the efficiency 
of the photocatalytic process, wherein the metal, depending upon the work function, serve 
as passive sink for electrons or holes, hindering the recombination. Due to the difference in 
the work function of the metal and semiconductor, a space charge region is created upon 
their contact and a built-in potential facilitate to drive the separation and transportation of 
photo generated electron-hole pairs similar to that in the coupled semiconductors. 
 Materials and Methods 3.3
 Materials 3.3.1
Copper (99.9% purity) and silver (99.9% purity) foils were obtained from Sigma-Aldrich; 
7,7,8,8-tetracyanoquinodimethane (TCNQ) was obtained from Fluka; silver nitrate (Ag-
NO3), copper sulfate (CuSO4), sodium potassium tartrate (KNaC4H4O6.4H2O), tin chloride 
(SnCl2), palladium nitrate (Pd(NO3)2), glucose and formaldehyde was obtained from Sig-
ma-Aldrich; and acetonitrile was obtained from BDH Chemicals. Copper and silver foil 
were treated with dilute nitric acid (Sigma-Aldrich), rinsed with deionized water (MilliQ) 
and dried with a flow of N2 gas prior to use. All chemicals were used as received. 
 Synthesis of CuTCNQ and AgTCNQ on 3D cotton bud template 3.3.2
 An electroless deposition approach was employed for metal (Ag and Cu) deposition on 
cotton substrates (buds). A three step ‘sensitization-seeding-deposition’ process is involved 
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as shown in Figure 3.1. Step 1 ‘sensitization’ – involves sensitizing the cotton bud using 
an acidic solution of tin chloride where Sn
2+
 electrostatically binds to the cotton buds. Step 
2 ‘seeding’ – Pd nuclei is then deposited on the cotton bud through a simple galvanic re-
placement reaction resulting in the reduction of Pd
2+
 to Pd
0
, while oxidising the Sn
2+ to 
Sn
4+
. The favourable difference in the standard reduction potentials of Pd
2+/0
 (+0.99 V vs. 
SHE) and Sn
4+/2+ 
(+0.15 V vs. SHE) allows the reaction to proceed spontaneously. These 
Pd
0
 crystals act as seeds for metal plating in step 3 ‘deposition’ – where silver or copper 
nanoparticles are deposited on the cotton bud. The metal deposition proceeds as follows: 
i. Silver deposition: Silver (Ag0) deposition occurs through the reduction of a dia-
minesilver (I) complex, where the pre-treated cotton bud was exposed to 1 mL (1 
M) diaminesilver(I) complex ([Ag(NH3)2]
+
), followed by the addition of 1 mL of 
glucose (1 M) as a reducing agent for 30 min at 25 °C.  
ii. Copper deposition: Copper (Cu0) deposition, Pd-sensitized cotton was immersed 
in copper bath at 55 °C for 1 h. The copper bath contained a mixture of sodium po-
tassium tartrate (0.3 M), NaOH (1 M) and CuSO4•5H2O (0.1 M) aqueous solutions. 
6 mL of formaldehyde (1 M) was finally added to this solution that facilitated the 
reduction of copper ions. 
 
Figure  3.1.Schematic representation of the three steps involved during the fabrication of 
Cu and Ag fabrics. STEP 1 involves the sensitization of the fabric with Sn
2+
; STEP 2 in-
volves the formation of Pd seeds; and STEP 3 involves the deposition of copper and silver 
metal using electroless deposition plating on the fabric. 
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MTCNQ growth on metal deposited cotton substrates was achieved using a facile solution 
based TCNQ growth, wherein the metal-coated cotton substrates were immersed in an ace-
tonitrile solution of TCNQ
0
 (5 mM) at 60 °C for 10 min.  
 Materials characterization 3.3.3
Surface topology of cotton bud catalysts was studied using scanning electron microscopy 
(FEI Quanta SEM) operated at an accelerating voltage of 20 kV. EDX analysis was carried 
out on the FEI Quanta SEM fitted with an Oxford X-Max 20 Silicon Drift Detector. Fouri-
er transform infrared (FTIR) spectroscopy was carried out using a Perkin-Elmer Spectrum 
100 system; Raman spectroscopy was performed using a Perkin-Elmer Raman Station 
200F and X-ray diffraction (XRD) was performed using Bruker D4 Endeavour equipment 
fitted with Lynx-eye position sensitive detector; UV-visible absorbance spectroscopy on 
solutions was performed using a Cary 50 Bio spectrophotometer; AAS was performed us-
ing Varian Fast Sequential AAS after digesting the metal cotton buds using nitric acid; and 
Photoelectron spectroscopy in air (PESA) measurements were performed on a Riken Keiki 
AC-2 spectrophotometer. Details on the procedure to evaluate the ionization energy from 
the photoelectron yield spectra and obtaining the valence band energy for semiconductors 
and the work function for metals is outlined in a previous report. Solid state optical reflec-
tance spectra of Cu, Ag, CuTCNQ and AgTCNQ were collected in the 300-2500 nm range 
using a Perkin-Elmer Lambda 1050 spectrophotometer equipped with an integrating sphere 
and a small spot kit. The 100% reflectance baseline was measured using a Labsphere certi-
fied reflectance standard. For optical band gap calculation of CuTCNQ and AgTCNQ, 
FTIR measurements were conducted on Perkin-Elmer Frontier FT-IR/FIR spectrometer us-
ing KBr pellets containing 1 wt% MTCNQ sample scrapped-off from the substrate. A pure 
KBr pellet was used to correct the baseline signal. 
 
 Catalysis reactions 3.3.4
A well-known model first order reaction of ferricyanide reduction (0.1 M thiosulphate and 
1 mM potassium ferricyanide) was employed, which was carried out either under dark 
conditions or by illuminating the quartz reaction vessel with visible or IR light while main-
taining the target illuminance of 8,000 lux. Warm white LED was sourced from Lastek and 
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IR bulb was obtained from Infraphil. Particular care was taken to maintain the temperature 
of the catalytic reactions at 25 ± 1 °C. The catalytic reactions were analysed by UV-vis 
spectroscopy in a quartz cell of 1 cm path length by taking aliquots from a 30 mL solution 
in which the sample was fixed under stirring conditions. The stirring rate was maintained 
at 200 rpm using a magnetic stirring bar at the bottom of the beaker. 
 
 Electrochemical measurements 3.3.5
Copper and silver foils were used to prepare the samples for this study, using protocols de-
scribed above for metal-coated cotton buds. The foils were first immersed in HNO3 (10% 
v/v) to remove any potential surface oxides and then washed with acetone and methanol 
followed by drying them in a stream of nitrogen gas. Surface characterization of the foil 
was performed using SEM which showed that the microrods obtained in the case of Cu and 
Ag was similar to that observed on 3D cotton template. Electrochemical experiments were 
conducted at (25 ± 1) °C with a CH Instruments (CHI 760C) electrochemical analyser un-
der different photo- illuminations conditions (dark, visible and IR). The working electrode 
was the sample of interest, the reference electrode was Ag/Gal (aqueous 3 M KCl) and a 
platinum wire was used as the counter electrode. For open circuit potential (OCP) versus 
time experiments, 1 mM [Fe(CN)6]
3-
 was initially present in the electrochemical cell and 
stirred for a period of 200 s, while the OCP vs. time data was recorded to establish a steady 
OCP value at the surface. At this time, the required volume of S2O32- was injected into 
the cell to give a final concentration of 0.1 M while the OCP vs. time profile was continu-
ously monitored. Electrochemical impedance spectroscopy (EIS) experiments were per-
formed using a CH Instruments (CHI 920C) under quiescent conditions at the formal redox 
potential of ferricyanide/ferrocyanide (5 mM; 0.1 M NaCl) at an amplitude of 10 mV over 
a frequency range of 0.01–105 Hz. The sample consisted of a fixed area of exposed metal 
or M@MTCNQ materials, while the surrounding material was masked using Kapton tape. 
 
 Photoconductivity measurements 3.3.6
Electrical conductivity measurements on Cu@CuTCNQ and Ag@AgTCNQ fabricated on 
Cu and Ag foil, respectively, were performed in the presence of different light sources 
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(dark, visible and IR) using an Agilent 2912A source meter while employing microelec-
trodes (100 µm tip diameter), wherein one of the tips was placed on the metal surface 
(Cu/Ag) and the other was directly placed on CuTCNQ or AgTCNQ. Care was taken to 
place the probes at equal distance during the two-probe direct current measurements. The 
relative change in current intensity between dark and light illumination was plotted as a 
change in the voltage of these samples. 
 
 Results and Discussion 3.4
 MTCNQ synthesis and characterization 3.4.1
 
 
Figure  3.2. SEM images of 3D cotton templates after growing (a) Cu and (b) Ag nanopar-
ticles using a facile electroless deposition approach. Scale bar in the main Figures corre-
spond to 100 μm, while those in insets correspond to 1 μm. 
Ag and Cu metal coated cotton template were fabricated via an electroless deposition ap-
proach as outlined in Figure 3.1. The metal-coated cotton templates were characterized us-
ing SEM to check the uniformity of deposition. Figure 3.2 shows the SEM images of the 
copper (Figure 3.2a) and silver (Figure 3.2b) nanoparticle coated cotton buds. It is imme-
diately clear that the both metal nanoparticles covered the individual threads of the cotton 
bud uniformly. Higher magnification (inset in Figure 3.2) further suggests that the nano-
particles were quasi-spherical in shape. The Ag and Cu contents in the metal-coated cotton 
buds was determined using atomic absorption spectroscopy (AAS) after dissolving the 
metal in aqua regia. To obtain equivalent molar amount of Ag and Cu on the cotton buds, 
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the reaction conditions (reaction temperature and time, as described in the experimental 
section) was optimized where the deposited amount of Ag and Cu corresponded to 12 mg 
equivalent of metal per cotton bud.  
 
Figure  3.3. EDX spectra of (a) Cu and (b) Ag nanoparticle coated on cotton fibres inter-
twined within the 3D matrix of a cotton bud. 
The EDX spectra from the Cu deposited cotton bud show characteristic energy lines of Cu 
Kα peaks at 0.929 Kev (Figure 3.3a), while the Ag deposited cotton bud shows character-
istic Ag Lα/Lβ peaks at 3/3.351 keV (Figure 3.3b). The uniform distribution of the metal 
signal in the EDX spectral map shows the uniform distribution of the metal through the 
surface of textile Figure 3.3. 
These metal nanoparticles decorated cotton buds were then used for the fabrication of 
M@MTCNQ nanostructures. High aspect ratio Ag@AgTCNQ and Cu@CuTCNQ arrays 
were grown on the cotton buds by a partial conversion of the deposited metal into MTCNQ 
through spontaneous one electron reduction of TCNQ
0
 in acetonitrile.
9, 25, 27-30
 This process 
can be described by the following: 
 
Cu0(𝑠) + TCNQ
0
(𝑀𝑒𝐶𝑁) → 𝐶𝑢
+
(𝑀𝑒𝐶𝑁) + 𝑇𝐶𝑁𝑄
−
(𝑀𝑒𝐶𝑁)  → 𝐶𝑢𝑇𝐶𝑁𝑄(𝑠)  (1) 
Ag0
(𝑠)
+ TCNQ0(𝑀𝑒𝐶𝑁) → 𝐴𝑔
+
(𝑀𝑒𝐶𝑁)
+ 𝑇𝐶𝑁𝑄−(𝑀𝑒𝐶𝑁)  → 𝐴𝑔𝑇𝐶𝑁𝑄(𝑠)  (2) 
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Figure  3.4. Optical images showing deposition of metallic copper and silver on cotton 
bud substrates, followed by their conversion into Cu@CuTCNQ and Ag@AgTCNQ, re-
spectively. 
Optical image (Figure 3.4) shows the change in the colour of the cotton bud following 
metal deposition and MTCNQ growth. The reddish colour Cu coated cotton bud turns dark 
bluish purple colour following the conversion of the Cu to CuTCNQ, while the blackish 
coloured Ag cotton bud turns purple colour following its conversion to AgTCNQ. 
 
Figure 3.5. UV-visible absorbance spectra of acetonitrile solutions obtained after the re-
action between acetonitrile solution of TCNQ
0
 with (a) copper and (b) silver functionalised 
3D cotton buds; and (c) Plot showing the relative consumption as well as cumulative con-
sumption of TCNQ
0
 during the growth of M@MTCNQ materials. 
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It is well known that the formation kinetics of CuTCNQ is significantly higher than Ag-
TCNQ.
8
 Therefore, to ensure that the amount of MTCNQ formed on the surface of the 
metal coated cotton bud is consistent; the consumption of TCNQ
0
 was monitored using 
UV-Vis spectroscopy.  
Figure 3.5 shows the UV-vis absorbance spectra of the acetonitrile solutions obtained after 
the reaction between acetonitrile solution of TCNQ
0
 with copper (Figure 3.5a) and silver 
(Figure 3.5b) despoiled cotton buds. The absorbance feature at ca. 400 nm corresponds to 
TCNQ
0
 species, while features observed at ca. 700-900 nm correspond to TCNQ
-
 species 
present in MTCNQ.
1-3
 The decrease in the 400 nm peak shows the consumption of TCNQ
0
 
during the formation of MTCNQ materials. It is evident that in the case of copper, the con-
sumption of TCNQ
0
 is much faster than that in the case of silver within 10 minutes of the 
reaction. This is evident by plotting the % consumption of TCNQ
0
 in both metals (Figure 
3.5c), where a 50% consumption of TCNQ
0
 is observed in Cu in contrast to 25% consump-
tion in Ag. After this time, an equilibrium condition is established and a dissolution pro-
cess becomes more prominent,
1-3
 which is well known for MTCNQ-based materials. To 
promote further growth of MTCNQ, fresh TCNQ
0
 must be added to overcome the rate lim-
iting MTCNQ formation step. Therefore, to attain equal MTCNQ growth in both copper 
and silver, the Ag cotton bud was subjected to an additional growth cycle (exposure to 
fresh TCNQ
0
 solution for extra 10 min). This leads to an additional 25% consumption of 
TCNQ
0
 (Figure 3.5c). Following the two growth cycles, the consumption of TCNQ
0
 for 
both silver and copper reached to 50%, suggesting that the amount of MTCNQ in both cas-
es was now comparable. Therefore, in the rest of the work presented in this thesis, the 
samples containing equivalent amounts of CuTCNQ (one cycle) and AgTCNQ (two cy-
cles) was employed for catalytic reactions.   
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Figure 3.6. SEM images showing dense coverage of high aspect ratio (a & b) 
Cu@CuTCNQ and (c and d) Ag@AgTCNQ microrods grown on individual fibrils of cot-
ton buds. Scale bars correspond to 100 µm. The MTCNQ microrods grow radially around 
individual fibbers of the cotton template wherein a dense coverage of microrods is ob-
served. 
Figure 3.6 illustrates the SEM images of the CuTCNQ and AgTCNQ microrods grown on 
high surface area 3D cotton substrate. The SEM images suggest that both MTCNQs grow 
radially around individual cotton strands of the cotton bud. These microrods showed an av-
erage length of 50-200 µm with dense coverage across the surface of the metal coated cot-
ton bud. The structures observed in the current study were comparable to that observed 
when these semiconducting materials are grown on 2D metal foils through a facile solution 
process similar to that used in the current study. The ability to grow MTCNQ materials on 
3D substrates allows a higher surface area of the semiconductor surface to be exposed dur-
ing its applicability assessment. Moreover, recently the use of 3D templates such as textiles 
to grow such MTCNQ Nano arrays to expand the applicability of such materials from con-
ventional electronics to antibacterial, sensing and photocatalysis applications has been 
shown. Further, the absence of precipitation in the reaction solution suggests that the 
a c
db
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MTCNQ crystals are strongly adhered to the surface of the metal coated cotton                
substrate.
 9, 25, 27-30
  
 
 
Figure  3.7. (a1 and b1) EDX spectra and (a2and b2) EDX maps of (a) Cu@CuTCNQ and 
(b) Ag@AgTCNQ microrods grown on cotton fibrils intertwined within the 3D matrix of a 
cotton bud. Scale bars correspond to 100 µm. 
Electron dispersive X-ray (EDX) analysis of these microrods (Figure 3.7 a1 and b1) 
shows characteristic energy lines of N Kα at 0.392 keV that can be attributed to the TCNQ, 
C K α at 0.277 keV due to underlying cotton fibrils as well as TCNQ, along with Cu Kα 
(Figure 3.7a1) or Ag Lα (Figure 3.7b1) energy lines in the respective M@MTCNQ mi-
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crorods.
31
 A layered EDX map obtained by stacking the individual components further
confirm that the CuTCNQ (Figure 3.7a2) and AgTCNQ (Figure 3.7b2) microrods are 
grown uniformly and radially on individual fibrils. 
Figure 3.8. a) Raman spectra obtained from pristine TCNQ, Ag@AgTCNQ and 
Cu@CuTCNQ grown on 3D cotton buds. b) FTIR spectra obtained from pristine TCNQ, 
Ag@AgTCNQ and Cu@CuTCNQ grown on 3D cotton buds. 
The chemical nature of the two MTCNQ materials was assessed by vibrational spectrosco-
py techniques (Figure 3.8). The Raman spectra of the pristine TCNQ shows four charac-
teristic peaks at ca. 1200 cm
-1
 (C=CH bending), 1450 cm
-1 
(C-CN wing stretching), 1600
cm
-1
 (C=C ring stretching) and ca. 2225 cm
-1
 (C-N stretching). These peaks corroborate
well with literature and correspond to natural TCNQ (TCNQ
0
).  Upon reaction with either
Cu or Ag to form CuTCNQ and AgTCNQ, two of the four vibrational modes of TCNQ at 
1450 cm
-1
 (C-CN wing stretching) and 2227 cm
-1
 (C-N stretching) are red shifted, which is
indicative of TCNQ
–
. The shifts in these vibrational modes confirm the reaction of pristine
metal (M
0
) and TCNQ
0
 to form CuTCNQ and AgTCNQ materials.
6, 7, 29-32
FTIR spectroscopy also confirmed all the characteristic MTCNQ signatures that were dif-
ferent from TCNQ
0
 (Figure 3.8b). The vibrational feature at 823 cm
-1
 arising from the C–
H bending in MTCNQ materials, in particular, confirms that the structures are indeed 
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TCNQ
–
 and not TCNQ
0
, TCNQ
2-
 or mixed valence states, because such vibrational fre-
quencies are vulnerable to change in the oxidation states.
6, 7, 29-32
 CuTCNQ shows charac-
teristic signatures at 2206 and 2172 cm
-1
 corresponding to ν(C≡N), which possess lower 
energy compared to those of neutral TCNQ
0
 at 2221 cm
-1
, further indicating that TCNQ is 
in the reduced form in CuTCNQ. Similarly, the IR bands at 1509 cm
-1
 corresponding to 
ν(C=C) further support the presence of reduced TCNQ-. For AgTCNQ, the IR spectrum 
shows three strong bands observed in the ν(C-N) region at 2199, 2183, and 2160 cm-1, a 
strong band observed in the ν(C=C) region at 1507 cm-1, combined with the δ(C-H stretch-
ing) band at 823 cm
-1
 confirms that the TCNQ in AgTCNQ is in a reduced TCNQ
-
 species. 
 
 
Figure 3.9 .a) XRD patterns obtained from pristine TCNQ
0
, pristine Cu
0
 and 
Cu@CuTCNQ b) XRD patterns obtained from pristine TCNQ
0
, pristine Ag
0
 and 
Ag@AgTCNQ. 
XRD analysis was employed to validate the presence of the underlying metallic Cu or Ag, 
as well as the phases of the respective MTCNQ materials. As illustrated in Figures 3.9 the 
pristine TCNQ shows characteristic signatures of the monoclinic TCNQ
0
 crystal (JCPDS 
card no. 00-033-1899). This corresponds well with literature values. The CuTCNQ micro-
rods displayed two characteristics shows two peaks at 16° and 18° 2θ that can be attributed 
to phase I CuTCNQ (00-054-1997). Additionally, the collection of peaks at 22.5°, 25° and 
29° 2θ also confirms the formation of CuTCNQ and correspond well with literature.31 Sim-
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ilarly, the peaks obtained for AgTCNQ corroborate well with literature values obtained for 
phase II AgTCNQ.
3,31
 In addition to the MTCNQ signatures, both CuTCNQ and AgTCNQ 
samples showed peaks at ca. 43.4° and 38.0°, respectively, that correspond to metallic Cu
0
 
(ICDD No. 04-0836) and Ag
0
 (ICDD No. 04-0783), respectively. This confirms that the 
MTCNQ materials obtained on the 3D matrix of cotton are indeed M@MTCNQ, and not 
pristine metal or pristine MTCNQ materials. 
 
 
 
Figure  3.10. XPS spectra showing individual core levels of (a) Cu 2p from CuTCNQ, (b) 
N1s of CuTCNQ, (c) Ag3d of AgTCNQ and (d) N1s of AgTCNQ. The open circles show the 
background-subtracted, charge-corrected raw data; the solid lines reflect overall fitting of 
the raw data; and the dotted curves indicate deconvoluted spectra fitted using a Gaussian-
Lorentzian algorithm. 
X-ray photoelectron spectroscopy (XPS) was also employed as an ultrasensitive tool to 
probe the oxidation states of the respective elements (Figure 3.10). The Cu 2p spectra ob-
tained from the CuTCNQ sample showed only a single BE component at 932.8 eV (Cu 
2p3/2) in both Cu and Cu@CuTCNQ cases, which correspond to either metallic Cu
0
 or Cu
+ 
species. It is well known that XPS is unable to differentiate between the chemical states of 
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Cu
0
 or Cu
+
; however, no signatures corresponding to shake-up satellite peaks due to the 
formation of Cu
2+
 were observed.
29-31 
This suggests that the oxidation state of Cu in the 
Cu@CuTCNQ sample contains Cu
0
 or Cu
+
. As XRD data showed the presence of metallic 
Cu
0
, in addition to the CuTCNQ peaks, we can confirm that the material indeed is a 
Cu@CuTCNQ with XPS providing conclusive evidence that no other copper species 
(Cu
2+
) are formed during the spontaneous crystallization of CuTCNQ. Similarly, the Ag 3d 
core level spectrum obtained from the Ag-coated cotton fibrils and from Ag@AgTCNQ 
microrods grown on cotton buds showed characteristic Ag
0
 features at binding energy (BE) 
of 368.2 eV (Ag 3d5/2) in both cases, confirming the presence of residual metallic Ag
0
 after 
its conversion to AgTCNQ.
8
 In addition, Ag@AgTCNQ showed an additional BE compo-
nent at 369.4 eV that corresponds to Ag
+ 
present in the AgTCNQ crystals.
8
 Probing the 
metal species therefore provides evidence on the presence of both metallic species and ox-
idised metal in MTCNQ. The reduction of TCNQ
0
 to TCNQ
–
 species is evident from the N 
1s core levels of CuTCNQ as well as AgTCNQ systems, where the N 1s spectra shifts 
from 399.2 eV in pristine TCNQ
0
 to 398.3 eV in TCNQ
–
 confirming the formation of 
MTCNQ crystals.
29-31
  
 
 M@MTCNQ for catalysis of charge transfer reactions 3.4.2
 
Figure 3.11. Solid state optical reflectance spectra of Cu and Ag foils, and of 
Cu@CuTCNQ and Ag@AgTCNQ grown on cotton. 
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The in-depth analyses of these materials confirm that using proposed synthesis, 
Cu@CuTCNQ and Ag@AgTCNQ microrods arrays can be readily formed on the fibrils of 
high surface area cotton, wherein CuTCNQ exists in Phase I form and AgTCNQ exists in 
Phase II form, without any contaminant species. Considering that these hybrid materials 
are capable of absorbing both visible and IR components of the solar light due to the LSPR 
properties of metals in the visible region and the broad band absorption properties of 
MTCNQ materials in the Vis-IR region, it provides an ideal opportunity to explore them as 
broad spectrum photoactive catalysts.
21, 24
 The broad band absorption of MTCNQ materials 
is evident from their reflectance spectra in Figure 3.11. As expected, metal foils show re-
flectance close to 100% across the whole visible and near infrared spectral range, exclud-
ing the typical decrease in reflection at around 550 nm due to absorption in this region by 
metallic Cu nanoparticles and 420 nm due to the absorption in this region by metallic Ag 
nanoparticles. This supports the observations of the SEM images where nanoparticles were 
observed following the electro less deposition of the metal nanoparticles on the individual 
strands of the cotton buds.  
Notably, Concocting and Ag@AgTCNQ both show a reduced reflection across the whole 
investigated spectral range. Given that the samples are fully opaque, the decrease in the re-
flection is due to the absorption of light by M@MTCNQ. Specifically, Cu@CuTCNQ ab-
sorbs evenly across the visible and near infrared range up to 2500 nm, while 
Ag@AgTCNQ shows a slight decrease in the absorption at higher wavelengths (lower en-
ergy), possibly due to the higher band gap of AgTCNQ (0.28-0.74 eV) compared to 
CuTCNQ (0.22-0.55 eV). 
Considering these optical properties, some of the important characteristics of M@MTCNQ 
that are likely to favour their outstanding photocatalytic behaviour includes: (i) catalyst 
growth on high surface area cotton fibrils allows a large number of catalytically active sites 
to be available during catalysis; (ii) a highly porous network of cotton fibrils enables effi-
cient penetration and absorption of light throughout the catalyst; (iii) high water absorbing 
property of the underlying cotton fibrils promotes efficient exposure to reactants and out-
ward diffusion of products, thereby further enhancing the rate of catalysis; (iv) the use of a 
cotton bud as a unique 3D substrate for catalyst growth allows facile catalyst recovery and 
makes it a reusable catalyst; and (v) commercial low-cost availability of such substrates 
brings the photocatalyst closer to practical applicability. In addition, MTCNQ-based organ-
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ic semiconductors are known for their low band gap (Eg) that has been recorded to vary be-
tween 0.22-0.55 eV for CuTCNQ,
24, 33-35
 and 0.28-0.74 eV for AgTCNQ
24, 33, 34, 36
 depend-
ing on the experiment or theoretical method employed. Therefore, the presence of the un-
derlying Cu or Ag metals beneath MTCNQ should allow the formation of organic 
semiconductor/ metal junctions similar to the conventional transition metal oxide/ metal 
Schottky junctions, which is likely to further improve photocatalytic performance.
37
 This 
should, therefore provide an ideal setting to expedite charge transfer at the metal-
semiconductor interface especially during photo-illumination conditions.
37
 Given the high 
photocatalytic potential of these materials, the influence of visible and IR light illumination 
on their catalytic performance was studied. To assess the charge transfer capabilities of this 
material, a well-known catalytic reaction model involving the conversion of ferricyanide to 
ferrocyanide ions in the presence of an excess of sodium thiosulfate was chosen where the 
reaction equation can be given as  
 
 2 [Fe(CN]6]
3− +  2 𝑆2𝑂3
2− →  2 [Fe(CN]6]
4− + 𝑆4O6
2−
   (3) 
 
This first order reaction model (as the reaction proceeds in the presence of excess thiosul-
fate ions) can be easily monitored using UV-Vis spectroscopy by analysing the decrease in 
the absorption maxima at ca. 420 nm that corresponds to ferricyanide ions.   
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Figure  3.12. UV-Vis spectra obtained from catalytic degradation of ferricyanide to ferro-
cyanide using (a) Cu and (b) Ag, in the absence of light and during visible and infrared il-
lumination. 
It was essential to first determine the catalytic activity of pristine Cu and Ag deposited on 
cotton bud. It is clear from Figure 3.12 that both Cu (Figure 3.12a) and Ag (Figure 
3.12b) can catalyse the reaction, albeit with different efficiency. For pristine Cu, the reac-
tion proceeds to completion within 12 min in dark, while the reaction proceeds relatively 
faster when the reaction is carried out under visible light illumination. Although the reac-
tion is slightly faster than dark when the reaction proceeds under infra-red light, this could 
be due to the activation of Cu from room light. The faster reaction of the Cu under visible 
light is unsurprising as Cup show a localised surface plasmon resonance (LSPR) effect. 
This LSPR results in the formation of energetic ‘hot electrons’ facilitating the catalytic re-
action a similar trend is observed in the case of Ag coated cotton bud. However, the reac-
tion under dark conditions takes about 300 min, while it takes 170 min and 250 min, when 
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the reaction proceeds under visible and infra-red light illumination conditions. This sug-
gests that Cu is inherently a better catalyst than Ag.    
 
 
Figure  3.13. UV-Vis spectra obtained from catalytic degradation of ferricyanide to ferro-
cyanide using (a) CuTCNQ and (b) Ag@AgTCNQ in the absence of light and during visi-
ble and infrared illumination. 
 
When the same reaction was carried out in the presence of Cu@CuTCNQ and 
Ag@AgTCNQ as catalyst, a significant improvement in the catalytic activity was ob-
served. Both Cu@CuTCNQ (Figure 3.13a) and Ag@AgTCNQ (Figure 3.14b) could re-
duce ferricyanide ions and drive the catalytic reaction to completion, where under dark 
conditions, the catalytic activity of Cu@CuTCNQ was found to be significantly superior to 
that of Ag@AgTCNQ. This is attributed to the inherently better catalytic activity of metal-
lic Cu
0
 nanoparticles over metallic Ag
0
 nanoparticles (12 min vs. 300 min under dark con-
ditions). This is consistent with previous observations that found Cu nanoparticles to be 
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more catalytically active than Ag for this particular reaction.
21
 Interestingly, the reaction in 
both M@MTCNQs proceeds rapidly under visible light and infra-red light illumination 
conditions. This is most possibly due to the absorption characteristics of MTCNQ in the in-
fra-red region (Figure 3.14). 
 
 
Figure  3.14. Plots of ln(At/A0) versus time for (a) Cu@CuTCNQ, (b) Ag@AgTCNQ pris-
tine Ag
0
 grown on cotton buds for catalytic conversion of Fe(CN)6
3-
 to Fe(CN)6
4-
 carried 
out in the absence of light and during visible and IR illumination. At and A0 correspond to 
absorbance intensities of the reaction products at 420 nm at different time points, and at 
the zero-time point, respectively. 
The rate kinetics of the reaction was determined by plotting ln(At/A0) vs. time and analyz-
ing the slope of the linear part of the graph, where At is the intensity of the absorbance peak 
at time t while A0 is the peak intensity at time zero. The influence of the light source (dark 
vs. visible vs. IR) on the catalytic rates and reaction time was studied by illuminating 
Cu@CuTCNQ and Ag@AgTCNQ catalysts grown on cotton buds to 8,000 lux equivalents 
of either visible or IR lights. Notably, this photo intensity corresponds to only 8.2% of the 
98,000 lux illuminated by sun on a perpendicular surface at the sea level, which should 
make the studied catalysts highly active for solar catalysis reaction. For Cu@CuTCNQ, the 
catalytic rate showed a significant improvement during IR light illumination in comparison 
to visible light illumination and dark conditions. The calculated reaction rates under these 
 78  
 
 
different light sources are 0.53 (dark), 0.63 (visible) and 1.70 min
-1
 (IR). These correspond 
to 8, 6 and 4 min, respectively, for the time taken to achieve 95% completion in a 30 mL 
reaction volume. The lower influence of visible light in comparison to IR towards enhanc-
ing catalytic activity can be explained considering the weak LSPR of copper 
nanoparticles,
22
 whereas CuTCNQ has a strong absorption in the IR spectral region (Figure 
3.11).
24, 25
 Recent studies have shown the influence of LSPR on metal nanoparticles in en-
hancing catalytic efficiencies.
21-23
 It has been suggested that during photo-excitation of 
metal nanoparticles, the conduction band electrons gain energy from visible light through a 
LSPR effect resulting in high energy electrons at the surface of the metal.
38
 The resonance 
of the conduction band electrons with the electromagnetic field of the incident photons re-
sults in a significant enhancement of the local electromagnetic fields near the surface of the 
metal nanoparticles, which results in an improved rate of catalysis.
38-40
 The influence of the 
LSPR of Cu in the current case is evident from the control experiment involving cotton 
decorated with metallic Cu nanoparticle, which reveals a greater influence of visible light 
in comparison to dark conditions and IR light.  
 
 
Figure 3.15. Comparison of the catalytic activity between (a) pristine Cu and 
Cu@CuTCNQ, and (b) pristine Ag and Ag@AgTCNQ under dark, visible and IR illumina-
tion;  (c) shows plot of the percentage improvement in activity of different catalysts, when 
compared from dark to photo-illumination conditions (visible and IR). The data represents 
time taken to achieve 95% completion of the reaction. 
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In contrast to Cu@CuTCNQ that showed improved performance predominantly under IR 
illumination, Ag@AgTCNQ showed remarkable improvements in the catalytic rates under 
both visible and IR irradiations. For Ag@AgTCNQ, the reaction rates increased from 
0.033 (dark) to 0.056
 
(visible) and further to 0.073 min
-1
 (IR), which correspond to 75, 50 
and 30 min, respectively, for 95% reaction completion. The enhanced photo activity of 
Ag@AgTCNQ in visible light originates from the well-known strong LSPR properties of 
silver.
21
 This LSPR effect is further evident from control experiments carried out using a 
silver nanoparticles-coated cotton, which shows improved catalytic performance under vis-
ible light excitation in comparison to copper (Figure 3.15).  
The importance of using a high surface area 3D cotton substrate for improving the catalytic 
reaction rates is evident from the comparison of Ag@AgTCNQ and Cu@CuTCNQ grown 
on cotton in the current case with those previously grown on 2D metal foils.
27
 Under non-
illumination conditions, for AgTCNQ, these apparent reaction rates correspond to 0.033 
(3D) and 0.006 min
-1 
(2D), respectively, which shows a 5.5 times improvement in catalytic 
efficiency. For CuTCNQ, under non-illuminated conditions, these reaction rates corre-
spond to 0.530 (3D) and 0.067 min
-1
 (2D), showing a 7.9 times improvement in catalytic 
efficiency. If the importance of IR light as well as 3D cotton substrate is simultaneously 
considered, AgTCNQ and CuTCNQ show improvements of 12.2 and 25.4 times in catalyt-
ic efficiency as outlined in Table 3.1. 
Table  3. 1. Improvement in the apparent reaction rates of MTCNQ materials grown on 
3D cotton buds in comparison to those grown on respective 2D metal foils. 
Material Conditions Reaction 
rates (min
-1
) 
Fold increase 
compared to 2D 
Reference 
Cu@CuTCNQ 
 
2D/dark/30 mL 0.067 n/a 4 
3D/dark/30 mL 0.530 7.9 times  this work 
3D/visible/30 mL 0.630 9.4 times this work 
3D/IR/30 mL 1.700 25.4 times this work 
Ag@AgTCNQ 
 
2D/dark/30 mL 0.006 n/a 4 
3D/dark/30 mL 0.033 5.5 times  this work 
3D/visible/30 mL 0.056 9.7 times this work 
3D/IR/30 mL 0.073 12.2 times this work 
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It is also notable that these reactions involving coinage metals as catalysts are typically 
performed using a 3 mL reaction volume.
21, 27, 40-42 
To assess if the two M@MTCNQ 
materials grown on a 3D template outperform this cataytic reaction, the same catalytic re-
action was performed in a 3 mL volume. The catalytic reaction involving both MTCNQ 
materials were instantaneous even under non-illuminated conditions. Therefore, in the cur-
rent body of work, a 30 mL reaction volume was used for assessing the catalytic ability of 
MTCNQ-based materials. To further comprehend the catalytic ability of these catalysts, 
the reaction volumes were further increased to 50, 75 and 100 mall Table 3.2 outlines the 
reaction rates and reaction times obtained for each of these reaction volumes. It is immedi-
ately clear that the M@MTCNQ catalyst are able to facilitate the reaction even when the 
reaction volumes were increased. In fact, the reaction still proceeds significantly fast under 
all light illumination conditions in contrast to dark. It should however be noted that the re-
action rate and reaction times were slightly higher than that observed for the 30 mL reac-
tion. This is typical and has been observed in the case of other catalysts. Both catalysts 
showed impressive reaction rates.  
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Table  3. 2. Reaction times and apparent reaction rates for reduction of ferricyanide ions in the 
presence of M@MTCNQ catalysts using different reaction volumes. 
Sample Reaction volume 
/ mL 
Reaction condition Time taken for 95% 
completion / min 
Reaction rate  
/ min-1 
Cu@CuTCNQ 3  Dark < 1 not measurable  
3 Visible < 1 not measurable  
3 IR < 1 not measurable  
30 Dark 8 0.530 
30 Visible 6 0.630 
30 IR 4 1.700 
50 Dark 9 0.550 
50 Visible 7 0.620 
50 IR 4 1.700 
75 Dark 12 0.500 
75 Visible 9 0.580 
75 IR 6 1.650 
100 Dark 14 0.460 
100 Visible 11 0.510 
100 IR 7 1.480 
Ag@AgTCNQ 3  Dark < 1 not measurable  
3 Visible < 1 not measurable  
3 IR < 1 not measurable  
30 Dark 80 0.033 
30 Visible 50 0.056 
30 IR 30 0.073 
50 Dark 85 0.033 
50 Visible 55 0.056 
50 IR 30 0.074 
75 Dark 100 0.030 
75 Visible 70 0.054 
75 IR 30 0.070 
100 Dark 110 0.027 
100 Visible 65 0.051 
100 IR 35 0.067 
 
Further experiments including by changing the ferricyanide concentration and the reaction 
temperature was performed to assess the catalytic efficiency of the catalysts. As 
Cu@CuTCNQ was significantly better catalyst, the catalytic efficiency of only this catalyst 
was assessed. The reaction rate and time taken for reaction completion followed a ferricya-
nide concentration and temperature dependent trend (Table 3.3). 
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Table  3. 3. Improvement in the apparent reaction rates for different reduction reactions 
using Cu@CuTCNQ materials grown on 3D cotton buds as catalysts. 
Reaction tempera-
ture / °C 
Reaction condition Time taken for 95% 
completion / min 
Reaction rate 
/ min-1 
Concentration-dependent 
25 0.2 mm Ferricyanide /dark 
/30 mL 
< 1 not measurable 
25 0.2 mM Ferricyanide / IR 
/30 mL 
< 1 not measurable 
25 1 mM Ferricyanide /dark 
/30 mL 
8 0.530 
25 1 mM Ferricyanide / IR 
/30 mL 
4 1.700 
25 5 mM Ferricyanide /dark 
/30 mL 
16 0.170 
25 5 mM Ferricyanide / IR 
/30 mL 
12 0.151 
Temperature-dependent 
25 1 mM Ferricyanide / IR 
/30 mL 
4 1.700 
45 1 mM Ferricyanide / IR 
/30 mL 
<1 not measurable 
65 1 mM Ferricyanide / IR 
/30 mL 
<1 not measurable 
H2O2 reduction 
25 10 mM H2O2 /dark /30 mL 35 0.0545 
25 10 mM H2O2 / IR /30 mL 15 0.109 
4-nitrophenol reduction
25 4-nitrophenol /dark /30 mL 9 0.303 
25 4-nitrophenol / IR 3 1.08 
The ferricyanide concentration was varied from 0.2 mM to 5 mM where the reaction is in-
stantaneous at lower concentrations. Interestingly, at higher concentrations the reaction still 
proceeds to completion, albeit with lower efficiency. However, IR illumination has a posi-
tive influence on catalytic efficiency. Similarly, it was unsurprising to see that the reaction 
proceeds rapidly at higher temperatures. Considering that ferricyanide conversion is a 
model reaction, the catalytic efficiency was also assessed for two additional reactions in-
cluding reduction of H2O2 and 4-nitrophenol reduction (Table 3.3). In both reactions, the 
reaction proceeds at a much faster rate under IR-light illumination in comparison to dark 
conditions further suggesting that the catalyst not only promotes several reduction reac-
tions, the catalytic ability is significantly enhanced by light illumination.   
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Figure 3.16.(a) Apparent reaction rates and (b and c) percentage conversion of Fe(CN)6
3−
 
to Fe(CN)6
4−
 for separate catalytic runs carried out in 30 mL volume using Cu@CuTCNQ 
under the influence of (a) visible and (b) infrared light illumination. All catalytic runs were 
performed until 95% conversion is obtained for each cycle. 
Catalyst stability is another important characteristic of an excellent catalyst. The stability 
was assessed by performing multiple cycle catalysis experiments wherein the same cata-
lysts were immersed in fresh ferricyanide solution. Reusability experiments were carried 
out for 30 cycles wherein the catalyst M@MTCNQ grown on a cotton bud was immersed 
in fresh ferricyanide solution after each cycle. The catalyst surface was washed three times 
with deionised water before each experiment. The stability of the catalyst was assessed un-
der light illumination conditions. Each reaction was continued until 95% ferricyanide con-
version was achieved. The rate of reaction for each cycle was determined by plotting the 
Ln(At/A0) for each cycle. Attention was also given to the time taken for reaction comple-
tion as this would also determine if the catalyst is stable through multiple uses. 
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Figure 3.17. (a) Apparent reaction rates and (b and c) percentage conversion of 
Fe(CN)6
3−
 to Fe(CN)6
4−
 for separate catalytic runs carried out in 30 mL volume using 
Ag@AgTCNQ under the influence of (a) visible and (b) infrared light illumination. All cat-
alytic runs were performed until 95% conversion is obtained for each cycle. 
It was immediately clear that both Cu@CuTCNQ (Figure 3.16) and Ag@AgTCNQ (Fig-
ure 3.17) were stable over 30 cycles under both visible and IR illumination reaction condi-
tions. While the high stability of these organic semiconducting catalysts in itself impres-
sive, these experiments also support the potential utility of such M@MTCNQ catalysts 
grown on cotton buds to be used as reusable photo catalysts under light illumination. 
To ensure that there is no change to the chemical nature of the catalyst, the M@MTCNQ 
catalysts were characterised post catalysis using Raman and FTIR spectroscopy.  
 
Figure  3.18.  A) Raman spectra obtained from Cu@CuTCNQ samples post-catalysis: (a) 
original catalyst before reaction, (b-d) catalyst after reaction under (b) dark, (c) visible 
and (d) infrared illumination conditions. B) FTIR spectra obtained from Cu@CuTCNQ 
samples post-catalysis: (a) original catalyst before reaction, (b-d) catalyst after reaction 
under (b) dark, (c) visible and (d) infrared illumination conditions. 
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The Raman and FTIR spectra obtained from the Cu@CuTCNQ catalyst (Figure 3.18) after 
catalysis showed no change. The Raman spectra showed typical features corresponding to 
the TCNQ
–
 state suggesting that there is no reduction of the TCNQ during the catalytic re-
action. Similarly, the absence of peaks arising due to TCNQ
0
 or TCNQ
2–
 further suggest 
that the CuTCNQ remain in the TCNQ
–
 state.   
 
 
 
Figure  3.19. A) Raman spectra obtained from Ag@AgTCNQ samples post-catalysis: (an) 
original catalyst before reaction, (b-d) catalyst after reaction under (b) dark, (c) visible 
and (d) infrared illumination conditions. B) FTIR spectra obtained from Ag@AgTCNQ 
samples post-catalysis: (a) original catalyst before reaction, (b-d) catalyst after reaction 
under (b) dark, (c) visible and (d) infrared illumination conditions. 
The Raman and FTIR spectra obtained from the Ag@AgTCNQ catalyst (Figure 3.19) af-
ter catalysis also showed no change. This suggests that there is no change in the chemical 
nature of the material, confirming the chemical stability of the catalyst. 
 Electrochemical measurements 3.4.3
The outstanding improvement in catalytic performance of the M@MTCNQ materials un-
der photoexcitation conditions is likely to be governed by the differences in the charge in-
jection/ejection processes induced by photo-irradiation. To understand the underlying 
mechanism, electrochemistry techniques were employed to examine the electron transfer 
processes occurring at the solid-liquid catalyst-solution interface. Open circuit potential 
(OCP) vs. time experiments Figure 3.20 provided insights into the effect of photo-
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irradiation on the accumulation and/or dissipation of surface charge at the catalyst 
(M@MTCNQ) and solution (Fe(CN)6
3-
/S2O3
2-
) interface. Such techniques have been used 
previously to understand charge transfer processes occurring on nano-surfaces during gal-
vanic replacement reactions, electrode modification and self-assembly of monolayers.
43-46
 
In essence, the potential of the surface with reference to an Ag/AgCl electrode is moni-
tored, which is determined by the redox active species in solution and whether charge 
transfer processes occur at that surface. In the presence of 1 mM Fe(CN)6
3-
, the 
Cu@CuTCNQ (Figure 3.20a-20c) as well as Ag@AgTCNQ (Figure 3.20d-3.21f) have a 
steady state potential value of ca. 0.10 and 0.20 V, respectively.  
 
 
Figure  3.20. OCP vs. time recorded in a 30 mL solution containing 1 mM Fe(CN)6
3-
 
(black line) into which 0.1 M S2O3
2-
 was added after 200 s (indicated by an arrow) and 
containing only 0.1 M S2O3
2-
 (red line) for (a) Cu@CuTCNQ – dark, (b) Cu@CuTCNQ – 
visible, (c) Cu@CuTCNQ – Infrared, (d) Ag@AgTCNQ – dark, (e) Ag@AgTCNQ – visi-
ble, and (f) Ag@AgTCNQ – Infrared illumination. 
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The injection of 0.1 M thiosulphate initiates the catalytic reaction (marked by an arrow), 
and the potential value for all illuminated samples decreases quite rapidly. In contrast, ex-
periments performed under dark conditions showed a relatively minor decrease in the OCP 
value for Cu@CuTCNQ (Figure 3.20a) and a very gradual decrease in the OCP value for 
Ag@AgTCNQ (Figure 3.20d). Control experiments carried out in the presence of only 0.1 
M thiosulphate resulted in a steady state potential value that was attained quite rapidly for 
all samples. This value is consistent at ca. -0.18 V for Ag@AgTCNQ under all conditions, 
while the value is slightly lower at ca. -0.30 V in the case of Cu@CuTCNQ. While the 
drop in the OCP values was smaller for both M@MTCNQ materials under dark conditions, 
under photo-illumination conditions, the drop in the OCP values was larger. This suggests 
that charge injection into the catalysts (which would decrease the OCP value) becomes in-
hibited at both Cu@CuTCNQ and Ag@AgTCNQ in the dark but proceeds rapidly when 
photo-illuminated. This would certainly be a limiting factor in the lower catalytic activity 
found for both Ag@AgTCNQ and Cu@CuTCNQ under dark conditions. 
However, the charge injection from thiosulphate ions into the catalyst is only the first step 
in the catalytic reaction. This charge needs to be transferred from the surface of the catalyst 
to the ferricyanide ions in solution. An excellent technique for monitoring such electron 
transfer is electrochemical impedance spectroscopy (EIS).  
 
 
Figure  3.21. Nyquist plots obtained in 5 mM Fe(CN)6
3-
/
4-
 and 0.1 M NaCl at OCP for (a) 
Cu@CuTCNQ and (b) Ag@AgTCNQ in dark and under the influence of visible and Infra-
red light illuminations. 
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As Illustrated in Figure 3.21 are the Nyquist plots recorded at Cu@CuTCNQ and 
Ag@AgTCNQ in a solution of [Fe(CN)6]
3-/4-
. Two opposing trends are recorded for 
Cu@CuTCNQ and Ag@AgTCNQ during photo-illumination conditions with respect to 
experiments performed under dark conditions. For Cu@CuTCNQ, the resistance to charge 
transfer at the catalyst surface consistently increases upon exposure to visible and IR lights, 
respectively, as evident from the increase in width of the semicircle component (Figure 
3.21a), which is a measure of charge transfer resistance at the catalyst-solution interface. 
This indicates that the light illumination during catalysis decreases the transfer of electrons 
from Cu@CuTCNQ to the ferricyanide ions.  
Although EIS analysis indicates that the transfer of charge from the catalyst to ferricyanide 
ions is the lowest when the reaction proceeds under IR illumination, the injection of charge 
from thiosulphate ions into the catalyst is the most rapid (the decay in OCP value for Fig-
ure 3.20c is significantly steeper than Figure 3.20a and 3.20b) under similar conditions. 
Since photo-irradiation improves the overall catalytic efficiency, it is clear that it is the in-
jection of charge from the thiosulphate ions to the Cu@CuTCNQ catalyst that promotes 
improved catalytic performance. In contrast, a reverse trend was observed in the case of 
Ag@AgTCNQ, where illuminating the catalyst surface with visible or IR light decreases 
the charge transfer resistance compared to dark conditions (Figure 3.21b). 
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Figure  3.22. Scheme showing the injection of charge from thiosulfate ions into the cata-
lyst and the ejection of charge from the catalyst to the ferricyanide ions under dark and 
photo-illumination conditions. Red-glowing arrow illustrates the process that are the limit-
ing factor, while blue-glowing arrow shows the processes accelerated during photo-
illumination. 
This indicates that for Ag@AgTCNQ, light illumination increases the transfer of electrons 
from the catalyst to the ferricyanide ions, as evident from the decrease in the width of the 
semicircle component. Therefore, less resistance to charge transfer at the solid-liquid inter-
face appears to govern the enhancement of catalytic reaction rates for this material. How-
ever, comparable charge injection as obtained from OCP vs. time experiments suggests that 
in the case of Ag@AgTCNQ, under photo-excitation conditions, there is a balance be-
tween the charge injection into the catalyst from thiosulphate ions and transfer of that 
charge to the ferricyanide ions (Figure 3.22). It is well known that a balance between these 
processes is essential for enhanced catalytic activity.
27
 This is also reflected from the rela-
tive improvement in the catalytic performance of Cu@CuTCNQ and Ag@AgTCNQ (Fig-
ure 3.15c), which shows that while the efficiency of the Cu@CuTCNQ increases by 
33.3% and 100% in visible and infrared lights, respectively; these efficiencies improve by 
60% and 166.7%, respectively in the case of Ag@AgTCNQ in regards to time taken to 
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complete the reaction. This supports the hypothesis that although Cu@CuTCNQ shows an 
overall better catalytic efficiency compared to Ag@AgTCNQ; this is due to the inherently 
better catalytic performance of the underlying metallic Cu over metallic Ag. However, 
Ag@AgTCNQ does show an ideal balance between charge injection and ejection into the 
semiconductor and from its surface to the solution, which allows this material to show su-
perior enhancement in catalytic performance when illuminated compared to 
Cu@CuTCNQ. 
 
 Photoconductivity measurements 3.4.4
 
Figure 3.22. Change in resistance measured as a function of temperature on (a) 
Cu@CuTCNQ and (c) Ag@AgTCNQ, and in the presence and absence of IR-light on (b) 
Cu@CuTCNQ and (d) Ag@AgTCNQ. The grey shaded area in Figure b and d represents 
IR illumination, while the non-shaded area represents dark conditions.   
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During the photo-electrochemical measurements, it is indeed intriguing to observe a pro-
nounced effect of light on the M@MTCNQ materials. In order to assess the influence of 
photo-thermal effect, thermal-induced and photo-induced current measurements were per-
formed in dark and illumination conditions, respectively. The change in resistance of both 
M@MTCNQ samples was measured at a constant bias of 2.5 V using a temperature con-
trolled Linkham stage.  
An obvious thermal effect can be seen in both materials as the temperature was sequential-
ly increased from 25 °C to 50 °C (at a rate of 1 °C/min). For Cu@CuTCNQ, the resistance 
decreased as the temperature was increased, wherein a difference of ≈10 Ω was observed 
(Figure 3.23a). On cooling, the resistance gradually trends towards its room-temperature 
value. Resistance measurements on Cu@CuTCNQ wherein the temperature was main-
tained at 25 ± 1°C show a relatively sharp decrease of resistance on IR illumination (≈90 
Ω), which is stable if the temperature is held constant. On turning the IR-illumination OFF, 
the resistance increased rapidly. This effect was repeatable over multiple cycles of IR-ON 
and IR-OFF (Figure 3.23b). A similar effect was observed for Ag@AgTCNQ wherein the 
drop and recovery of resistance was faster under IR-illumination compared to the tempera-
ture effect in dark conditions (Figure 3.23c-d). This suggests that the effect of light illumi-
nation on the catalytic activity is indeed governed by the photo-catalytic effect with a rela-
tively minor role, if any, played by photo-thermal effects. 
Since MTCNQ-based charge transfer complexes behave as organic semiconductors, the 
M@MTCNQ catalysts provide a metal/ semiconductor junction. In the case of traditional 
metal/ inorganic semiconductor junctions, it is well-known that the interfacial photo-
induced charge transfer at the junction between the metal and semiconductor plays an im-
portant role in influencing catalytic redox processes.
12, 13, 15, 47
  
To assess how such metal/ inorganic semiconductor junctions influence the charge carrier 
mobility in the M@MTCNQ systems, initially a hot-point probe technique was used to as-
certain the nature of majority carriers in CuTCNQ and AgTCNQ. It showed that CuTCNQ 
and AgTCNQ are both n-type semiconductors. This is supported by previous studies that 
have proposed that although TCNQ
0
 is a good electron acceptor, the reduced states 
(TCNQ
-
) should behave as electron donors.
48
 Further, the band gap energy (Eg) of these 
materials has been reported in the range from 0.22-0.55 eV for CuTCNQ and 0.28-0.74 eV 
for AgTCNQ, which varies depending on the choice of employed experimental or theoreti-
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cal method.
24, 33-36
 Most of these reports rely on conductivity measurements that allow di-
rect calculation of the activation energy (Ea), from which Eg is derived by assuming that 
these materials are intrinsic semiconductors, and therefore the Eg should be twice that of 
Ea.
33, 35, 36
 Some early reports on calculation of optical band gaps of these materials also 
exist (CuTCNQ – 0.55 eV; AgTCNQ – 0.75 eV),24 however such reports studied the opti-
cal spectra of these materials only up to 2500 nm wavelength that limits the lowest possi-
ble bandgap calculation to be 0.5 eV. Further, MTCNQ materials can exist in multiple 
phases (Phase I or II). This may potentially influence their band gap characteristics. How-
ever, previous reports did not take the different phases of MTCNQ into account during 
band gap calculations. Considering these factors and since the theoretically predicted Eg 
for these materials are below 0.5 eV,
34
 it was critical to carefully calculate the optical band 
gap of the two materials used in the current study. This includes phase I CuTCNQ and 
phase II AgTCNQ. FTIR spectroscopy in transmission mode
49
  was employed. Tauc plots 
were used to calculate the optical band gaps that revealed the Eg values of 0.37 eV and 
0.48 eV for CuTCNQ and AgTCNQ, respectively (Figure 3.24). 
 
Figure  3.24. Tauc plots used for the estimation of the optical band gaps of CuTCNQ and 
AgTCNQ. 
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In addition, photoelectron spectroscopy in air (PESA) also revealed the valence band ener-
gy levels (EV) of CuTCNQ (-5.45 eV) and AgTCNQ (-5.51 eV) as outlined in Table 3.4. 
The work functions of metals (ΦM), as obtained from PESA are 4.95 eV and 4.7 eV for Cu 
and Ag, respectively. The calculated work functions (ΦS) of CuTCNQ and AgTCNQ cor-
respond to 5.20 and 5.17 eV, respectively. The calculated work functions of these metals 
and MTCNQ semiconductors are in good agreement with those in the literature.
50, 51,52 
 
Table 3. 4. The energy levels of Cu, CuTCNQ, Ag and AgTCNQ as obtaimed from 
different measurements used in the current work. 
 Cu  
/eV 
CuTCNQ  
/eV 
Ag  
/eV 
AgTCNQ 
/eV 
E
V
 n/a -5.45 n/a -5.51 
E
F
 n/a -5.24 n/a -5.17 
E
C
 n/a -5.08 n/a -5.03 
E
g
 n/a 0.37 n/a 0.48 
E
a
 n/a 0.16 n/a 0.14 
Φ 4.95 5.24 4.70 5.17 
 
It is well-known that when a metal and a semiconductor comes in contact, the valence and 
conduction bands of the semiconductor bend in order to bring the Fermi levels of two ma-
terials under equilibrium.
37
 The degree and the direction of the band bending depend on the 
work function of the metal (ΦM) relative to that of the semiconductor (ΦS), and the nature 
of the majority charge carriers in the semiconductor. For the current study, both MTCNQs 
are n-type semiconductors with ΦS > ΦM. Under this scenario, an Ohmic contact forms at 
the metal-semiconductor interface. The existence of such an Ohmic behaviour was con-
firmed using IV measurements as shown in Figure 3.25. It was clear that the difference in 
the current under visible and IR light was significantly changed in comparison to dark ex-
periments. The existence of an Ohmic junction will allow electrons to flow from the Fermi 
energy level of the metal into the conduction band of the semiconductor to lower their en-
ergy.  
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Figure 3.23. Photo-response (I–V curves) obtained from (a) Cu@CuTCNQ and (b) 
Ag@AgTCNQ under dark and photo-excitation conditions; (c) relative increase in current 
magnitude under photo-excitation conditions over that in the dark. 
This causes the work functions of the MTCNQ semiconductors to move up into equilibri-
um with that of the respective metals that deforms the semiconductor bands. This results in 
the formation of a charge accumulation region at the interface. As evident from Figure 
3.25, the degree of bending for the semiconductor bands is higher at the Ag/AgTCNQ in-
terface compared to Cu/CuTCNQ interface due to a larger mismatch between the work 
functions of the metal and the semiconductor in the case of Ag@AgTCNQ system ([ΦAg-
TCNQ - ΦAg = 0.40 eV] > [ΦCuTCNQ - ΦCu = 0.29 eV]).  
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Figure 3.26. Band alignments of metals and respective n-type MTCNQs for ΦS > ΦM (i) 
before and (ii) after establishing a contact for (a) Cu/CuTCNQ and (b) Ag/AgTCNQ junc-
tion. EC, EF and EV correspond to energies of conduction band, Fermi level and valence 
band with respect to vacuum. Eg corresponds to optical band gap energy, Ea is the activa-
tion energy, and ΦS and ΦM are the work functions of the semiconductors and the metals, 
respectively. The values listed in (a) were obtained from the current study, except for Ea.
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The I-V characteristics of the two metal-semiconductor junctions obtained under dark and 
photo-illumination conditions underpin this carrier injection behaviour at these junctions 
wherein during photo-illumination, the Ag/AgTCNQ junction shows a larger increase in 
current over dark conditions than the Cu/CuTCNQ junction, as expected (Figure 3.26). 
The energy from the incident photons drives a higher number of majority carriers across 
the junction resulting in a larger change in current for the Ag/AgTCNQ junction. This be-
haviour directly correlates to the enhancement in the observed catalytic rates wherein 
Ag@AgTCNQ shows a larger enhancement in the catalytic rate in comparison to 
Cu@CuTCNQ when the reaction proceeds under the stimulus of light.  
 
 Conclusion    3.5
The ability to engineer photoactive nanomaterials to efficiently harvest solar light has been 
of significant interest. Although the IR component contributes to more than half of the so-
lar irradiance on the earth surface, previous efforts have mainly focused on exploiting the 
UV light (3%) and more recently a fraction of visible light for photocatalytic processes. 
This is because the large band gaps of traditional inorganic semiconductors (e.g. TiO2, 
ZnO, and SnO2) make them unsuitable for IR-active processes. Considering that IR and 
visible components jointly offer 97% of the solar irradiation, this work fills a major gap by 
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developing a visible and IR co-active material by hybridizing low band gap organic semi-
conductors (~0.3-0.5 eV) with LSPR-active metal nanoparticles. 
 Further, these M@MTCNQ hybrids were engineered on high surface area 3D cotton buds, 
which allowed an unprecedented catalytic efficiency that is over 25 times better than their 
2D counterparts. The comparison of two similar yet distinct catalysts, viz. Cu@CuTCNQ 
and Ag@AgTCNQ provided an in-depth understanding of not only the charge accumula-
tion and band bending within the catalyst at the metal-semiconductor heterojunction; but 
also charge injection/ejection processes occurring at the catalyst-reactant interface. With 
such designs optimized, the control over charge migration rates can be better harnessed for 
several applications including catalysis, electronics, sensing and antimicrobial coatings. 
Considering that this is the first report on the growth of M@MTCNQ-based charge transfer 
complexes on high surface area 3D cotton buds, it will fuel significant interest in engineer-
ing new multi-wavelength-active hybrid materials. In particular, the demonstrated IR and 
visible light activated performance of M@MTCNQ catalysts bodes well for their eventual 
practical deployment to harvest abundantly-available low-energy light for a variety of pho-
to-active processes. 
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Chapter IV 
Fabrication of ZnO and Ag decorated ZnO nano-
arrays on 2D and 3D substrates for photocatalysis 
application 
This chapter discusses a new strategy to develop high quality, reproducible and stable 
ZnO-based catalyst where the effect of synthesis parameters on the formation and proper-
ties of ZnO/Ag nanoarrays on two-dimensional (2D) and three-dimensional (3D) substrates 
were studied. The first part of this chapter discusses the effect of different parameters to 
obtain well aligned ZnO nano-arrays on 2D Silicon wafer. The optimised parameters were 
also tested to obtain well aligned ZnO nano-arrays on 3D substrate. Following this, the 
chapter discusses the optimisation of silver nanoparticle deposition on the ZnO nano-arrays 
using an electroless deposition approach. The ZnO/Ag semiconductor-metal heterojunction 
was exploited for photocatalysis application.  
Part of the work presented in this chapter has been published: 
Kandjani A. E.; Mohammadtaheri, M.; Thakkar, A.; Bhargava, S. K..; Bansal, V. 
Zinc oxide/silver nanoarrays as reusable SERS substrates with controllable ‘hot-
spots’ for highly reproducible molecular sensing. Journal of Colloid and Interface 
Science 2014, 436, 251-257 
Kandjani A. E.; Sabri, Y. M.; Mohammadtaheri, M.; Bansal, V.; Bhargava, S. K. De-
tect, Remove and Reuse: A new paradigm in sensing and removal of Hg (II) from 
wastewater via SERS-active ZnO/Ag nanoarrays. Environmental Science and Tech-
nology 2015, 49, 1578-1584 
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 Introduction 4.1
Nanomaterials have attracted tremendous interest due to their noticeable performance in 
electronics, optics, and photonics. Nanomaterials are typically classified into three groups: 
0-dimensional, one-dimensional (1D), and two-dimensional (2D). 0-dimensional
nanostructures, referred to as quantum dots or nanoparticles with an aspect ratio near unity, 
have been extensively used in biological applications.
1,2
 Two-dimensional nanomaterials,
such as thin films, have also been widely used as optical coatings, corrosion protection, 
and semiconductor thin film devices. One dimensional (1D) semiconductor nanostructures 
such as nanowires, nanorods, nanofibers, nanoballs, and nanotubes have been of intense in-
terest in both academic research and industrial applications because of their potential as 
building blocks for other structures.
3
 1D nanostructures are useful materials for investigat-
ing the dependence of electrical and thermal transport or mechanical properties on dimen-
sionality and size reduction (or quantum confinement).
4
 They also play an important role
as both interconnects and functional units in the fabrication of electronic, optoelectronic, 
electrochemical, and electromechanical nanodevices.
5 
Among the several one-dimensional
(1D) nanostructures reported in the literature, zinc oxide (ZnO) nanoarrays is an important 
nanomaterial.
6
 Due to their remarkable performance in electronics, optics, and photonics,
ZnO nanowires are attractive candidates for many applications such as UV lasers
7
, light-
emitting diodes 
8
, solar cells 
9
, nanogenerators 
10
, gas sensors 
11
, photodetectors 
12
, and
photocatalyst. 
13 
Among these applications, ZnO nanoarrays are being increasingly used as
photocatalysts for the degradation of environmental pollutants such as dyes, pesticides, and 
volatile organic compounds under appropriate light irradiation.
14, 15 
For a 1D photocatalyst to be reliable it is essential to fabricate semiconductor nano-arrays 
with high reproducibility and uniformity.
16
 Additionally, such semiconductors also need to
have a high surface area and low defect density to maximize its catalytic performance. 
Therefore, it is unsurprising to see several strategies to fabricate nano-arrays of semicon-
ductors with high photocatalytic activities like ZnO
17
, TiO2
18
 and GaN.
19
 Among these,
due to its interesting properties, ZnO has emerged as an important material with several 
soft-chemical routes with the ability to obtain uniform nano-arrays. Considering that the 
semiconducting properties of ZnO nanostructures are largely dependent on their composi-
tions, crystal structure, dimension, and morphology;
20
 it is essential to understand the in-
fluence of the physicochemical environment during the fabrication of one-dimensional 
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ZnO nanostructures. Having a control over the property of ZnO would have a major role in 
designing photocatalytic substrates and also aid in translating the fabrication process to 
other high surface area substrates.  
In this chapter, the factors influencing the fabrication of ZnO nano-arrays on both 2D and 
3D substrates via hydrothermal method were studied. The optimum parameters required to 
obtain reproducible nano-arrays were established. The photocatalytic ability of the ZnO 
nano-arrays was improved through the deposition of Ag nanoparticles.  
 
 Materials and Methods 4.2
 Materials 4.2.1
Chemicals including zinc acetate, monoethanolamide, zinc nitrate hexahydrate and hexa-
mine were purchased from Sigma Aldrich and used as received. Deionized MilliQ water 
(18.2 MΩm) was used throughout the synthesis process. Si (001) substrates (1 cm × 1 cm) 
were obtained from University wafers and were employed for the growth of ZnO nano-
arrays. The substrates were thoroughly cleaned by sequential washing and ultra-sonication 
in acetone, ethanol and isopropanol before drying under nitrogen gas. To eliminate any 
trances of organics from the Si surface, the substrates were also exposed to UV-Ozone 
(UVO Cleaner Plus) for 10 min. 
 
 Fabrication of ZnO seed layers via sputtering method 4.2.2
Fabrication of ZnO nano-arrays requires a thin layer of ZnO to be deposited on the surface 
of the Si wafer. A ZnO thin film of ~ 400 nm was sputtered on the cleaned silicon wafer. 
Particular care was taken to maintain the temperature at 500 °C during the sputtering pro-
cess to ensure a pin-hole free ZnO thin film is obtained. A layer of photo-resist was then 
coated to the ZnO thin film before being diced into 1 cm × 1 cm pieces. The photo-resist 
essentially eliminates scraping of the surface during dicing and transport.  
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  Fabrication of ZnO seed layers via sol-gel method on Si wafer 4.2.3
ZnO seed layer was also obtained using a sol-gel method. The sol-gel was prepared using 
the following: a solution of zinc acetate dehydrate in ethanol was mixed with monoethano-
lamine (MEA) in equal weight ratio. This mixture was aged at 55 °C for 24 h that resulted 
in the formation of small ZnO nanoparticles. This mixture was then spin coated on the Si 
wafer. 300 μL of the sol-gel solution was spin coated on the Si wafer at 3500 rpm for 15 
sec. The substrate was then dried at 95 °C for 10 min. This process was repeated 3-5 times 
before annealing the substrates. This essentially provided a good comparison to understand 
the effect of seed layer deposition during ZnO nano-array fabrication.  
 Fabrication of ZnO nanoarrays on Si wafer 4.2.4
The hydrothermal growth of the ZnO nano-arrays on Si wafer was carried out using the 
following steps. Aqueous zinc nitrate and hexamine (50 mL) was transferred to a sealed 
glass autoclave. The Si wafer with the ZnO seed layer was floated on top of the solution of 
the autoclave such that the seed layer faced the hydrothermal growth solution. The hydro-
thermal reaction was then carried out at 95 °C for 6 hours. Following the reaction, the Si 
wafer substrate with the ZnO nano-arrays were collected. These were washed rigorously 
with deionized water before drying with N2 gas under ambient conditions. The concentra-
tion of precursor and time of hydrothermal reaction was varied to understand the influence 
of these parameters on the growth of the ZnO nano-arrays. 
 Fabrication of ZnO nano-arrays on cotton bud via sol-gel and hy-4.2.5
drothermal method 
A similar protocol as described for the Si wafer was used to obtain ZnO nano-arrays on 3D 
cotton bud substrate. First a sol-gel was prepared as outlined in section 1.2.3. Instead of 
spin coating, the cotton bud was dipped into the sol gel for 15 minutes. The cotton bud 
substrates were then dried at 95 °C for 10 min and the dip coating procedure was repeated. 
The influence of sol-gel concentration and the number of sol-gel coating to obtain uniform 
ZnO nano-arrays was studied  
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The hydrothermal growth of ZnO nano-arrays on the cotton bud was also similar to the 
protocol outlined in 1.2.4. However, the cotton bud was suspended on the hydrothermal so-
lution instead of floating. Parameters such as zinc nitrate concentration, time of the hydro-
thermal reaction and temperature were varied.  
 Decoration of ZnO nano-arrays with Ag-NPs 4.2.6
ZnO nanorod arrays were decorated with Ag-NPs using an electroless deposition method, 
where the ZnO was first sensitized for 30 min with a 2 mL aqueous solution containing 0.3 
mM SnCl2 and 0.1 μL trifluoroacetic acid. After washing with water, the substrates were 
immersed in 3 mM aqueous Pd(NO3)2 for 10 min (2 mL) to form Pd nuclei that acted as 
seeds for silver nanoparticle deposition. A control over the amount of Gaps decoration on 
the surface of Sn- and Pd-sensitized ZnO nano-arrays was achieved by exposing the nano-
arrays to different concentrations of diaminesilver(I) complex ([Ag(NH3)2]
+
). The reduc-
tion of the diamine complex was achieved by glucose (1 mL, 1 M) at room temperature. 
The AgNP decoration was stopped at 1, 3 and 6 min of reaction. The samples were then 
washed thoroughly with water and dried under N2 gas prior to further use. The effects of 
silver concentration, reaction time and the effect of sensitizing and catalytic steps on the 
decoration of the ZnO nano-arrays with AgNPs was studied. A simple schematic of the 
decoration of AgNPs on the surface of ZnO nano-arrays is shown in Figure 4.1. 
Figure  4.1.Schematic representation of the AgNP decoration on the surface of ZnO nano-
arrays grown on a Si substrate. The process involves (1) hydrothermal growth of ZnO 
nano-arrays on thin ZnO seeded Si wafer or dip coated ZnO on 3d cotton bud, (2) sensiti-
zation of the ZnO nano-arrays with Sn and seeding of Pd using a simple galvanic replace-
ment reaction, and (3) electroless deposition of AgNP on the ZnO nano-arrays. 
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 Substrate characterization 4.2.7
Samples at each stage of ZnO growth and deposition of AgNPs on ZnO nano-arrays were 
characterized extensively using an array of microscopic and spectroscopic techniques. 
Scanning electron microscope (SEM - FEI Nova NanoSEM) allowed the characterization 
of the morphological characteristics; X-ray diffraction (XRD) spectra were obtained on a 
Bruker AXS X-ray diffractometer employing Cu-Kα radiation, which showed the crystal-
linity; and X-ray photoelectron spectroscopy (XPS) analyses carried out on a Thermo Sci-
entific K-Alpha instrument using un-monochromatized Mg Kα radiation (photon energy 
1253.6 e ) under vacuum better than 10
-9
 Torr allowed characterization of the surface char-
acteristics of the samples. The XPS core levels were aligned to the adventitious C 1s bind-
ing energy (BE) of 285 eV. 
 
 Evaluation of photocatalytic performance of Zona substrates 4.2.8
The photocatalytic ability of the pristine ZnO nano-arrays and AgNP decorated ZnO nano-
arrays was assessed by exposing these substrates to 10 μL rhodamine B – RB (1 mL). The 
reaction was allowed to proceed under dark and UV light irradiation for 1 hour. UV irradi-
ation was carried out using an 18 W, 370 nm LED (Edmund Optics) with attached heat 
sink (to avoid sample heating) 5 cm above the reaction. The degradation of RB was moni-
tored as a function of time by measuring the change in the absorbance intensity of the RB 
using an EnVision Multilabel Plate Reader (PerkinElmer). 
  
The photo degradation efficiency of the different samples was calculated using the follow-
ing equation: 
          𝑃ℎ𝑜𝑡𝑜𝑑𝑒𝑔𝑟𝑎𝑑𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑒𝑛𝑐𝑦 =  
(𝐶0−𝐶)
𝐶0
 ×  100                                      (𝟏) 
where, C0 and C correspond to the RB concentrations before and after irradiation, respec-
tively. 
 
 Results and discussion  4.3
In a typical synthesis of the ZnO nano-arrays, the Zn
2+
 ions are provided by Zn(NO3)2 
while oxygen atoms are gained from water molecules. Hexamine acts as a non-ionic cyclic 
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tertiary amine. Previous reports have suggested that during the formation of ZnO, two Zn
2+
ions link with the amine to form a tetra dentate ligand, which act as bidentate ligands.
21
 In
addition, the amine has a higher affinity for the non-polar ZnO crystals on the Si surface 
allowing the formation of the ZnO crystals specifically on the Si substrate. The amine also 
acts as a capping agent and allows for the anisotropic growth of ZnO to occur in the [0001] 
crystallite direction.
22
 Some of the amine also hydrolyses in water to produce ammonia and
formaldehyde. It is in fact this ammonia that reacts with the Zn
2+ 
ions forming zinc ammo-
nium complexes and zinc hydroxide. These compounds dictate the reaction during the fab-
rication of ZnO nano-arrays. The different reaction processes are summarized: 
𝐻𝑀𝑇𝐴 + 𝐻2𝑂 ↔ 4𝑁𝐻3 +  6𝐻𝐶𝐻𝑂 (2) 
𝑁𝐻3 + 𝐻2𝑂 ↔ 𝑁𝐻4
+ + 𝑂𝐻− (3) 
𝑍𝑛2+ + 4𝑁𝐻3 ↔ [𝑍𝑛(𝑁𝐻3)4]
2+ (4) 
𝑍𝑛2+ + 2𝑂𝐻− ↔ 𝑍𝑛(𝑂𝐻)2 (5) 
𝑍𝑛(𝑂𝐻)2 → 𝑍𝑛𝑂 +  𝐻2𝑂 (6) 
The formation of ammonia as given in Equation 3 is significantly slow. This leads to a 
slow and gradual consumption of OH
- 
ions. This in fact controls the reaction kinetics as the
slower kinetics will allow a rapid consumption of the solution reactants (Equation 4 to pro-
ceed faster) and thereby prohibiting the oriented growth of ZnO nanarrays.
23, 24
 The am-
monia plays a dual role: (i) it provides a basic environment necessary for the formation of 
Zn(OH)2 and stabilizes the Zn
2+
 ions through its coordination with other Zn ions. It is in
fact the Zn(OH)2 that gets converted to form ZnO (Equation 6) when the reaction is carried 
out in heating conditions. This strongly suggests that the formation of Zn(OH)2 is the key 
to control the reaction process. Therefore, the reaction can be controlled by synthesis vari-
ables, which includes Zn(NO3)2 concentration, growth temperature and growth time. Of 
these, the concentration of Zn(NO3)2 influences the density of the nano-arrays, while tem-
perature and time play a role in controlling the morphology and aspect ratio of the nano-
arrays, respectively.
25
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The main advantage of using such an approach for ZnO nano-array fabrication is that such 
strategy can be used to grow ZnO nano-arrays on any substrate, including but not limited 
to Si wafer, paper
26
, organic substrates
27
 and even textile surfaces.
28
 The challenge and an
important aspect that changes in each of these substrates is the adhesion of the first ZnO 
seeding layer. This is critical as the coating of the substrate with a uniform seed layer is es-
sential to obtain a uniform and large-area growth of nanoarrays. Given this importance, 
several strategies have been proposed in the literature for seed layer formation. These in-
clude soft chemical methods (for instance sol-gel,
29 
spin coating of a ZnO colloidal nano-
particle solution
30
), sputtering of ZnO 
31
 and laser ablation.
32
 It is also important to note
that the orientation and density of the nanoarrays are also dependent on the crystallinity of 
the seed layer. To have a system that can be extrapolated to coating unique 3D templates 
with seed layer, the current work was primarily focused on using a sol-gel approach. In 
sol-gel, zinc acetate is hydrolysed in absolute ethanol to form a Zn complex. This complex 
attaches to the ethanolamine and with the aid of water in the structure of zinc acetate, these 
complexes give a gel-like appearance. These structures attach to each other via hydrogen 
bonds to form a network known as ‘sol’. Drying of the sol results in the breaking of these 
complexes and form crystallites of ZnO.
33, 34
 During the process, initially the sol is only
heated at lower temperatures leading to the formation of only amorphous structure on the 
substrate. These films or amorphous structures can then be crystallized using appropriate 
heat treatment thereby controlling the crystallite size and structural ordering of these mate-
rials.
35
The following section looks at the effect of different hydrothermal parameters on the fabri-
cation of ZnO nanoarrays.  
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 Effect of hydrothermal parameters 4.3.1
i. Effect of Zn
2+
 concentration
Figure  4.2. Hydrothermally grown ZnO nano-arrays on sputtered ZnO thin film with a 
reaction time of 6 h at 95 °C with initial Zn
2+
 ion concentration of a) 1, b) 3, c) 5, d) 10, e)
12.5, f) 25 and g) 50 mM., scale bar corresponds to 5µm.  
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To understand the effect of the Zn
2+
 concentration during the hydrothermal process, sput-
tered ZnO seed layer were used for the growth of ZnO nano-arrays. The concentration of 
Zn
2+
 was varied from 1 mM to 50 mM, while keeping other synthesis parameters constant
[Temperature = 95 °C; Time = 6 h and a ratio of Zn
2+
 to amine as 1]. Following the growth
of the nano-array, the Si substrates were analysed first using SEM. Illustrated in Figure 4.2 
are the SEM images of the ZnO nano-arrays obtained at different Zn
2+
 concentration. It is
immediately evident that the density of the ZnO nanorods increases as a function of in-
creasing Zn
2+
 concentration.
At lower Zn
2+
 concentration (Figure 4.2a – 4.2c), the number of nano-rods increase. How-
ever, the grown is not dense and shows pin-holes. At Zn
2+
 ions concentrations above 10
mM a full coverage of ZnO nanoarrays was obtained (Figure 4.2d – 4.2f). Zn2+ ions con-
centrations above 12.5 mM results in longer and thick nanorods. This is mainly due to ex-
istence of the higher precursor amount in the solution. At concentrations higher than 25 
mM, the rods are fused (Figure 4.2g). As both 12.5 mM and 25 mM Zn
2+
 ions concentra-
tions were chosen for further analysis. 
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ii. Effect of hydrothermal time
Figure  4.3. Hydrothermally grown ZnO nano-arrays on sputtered ZnO thin film at 95 °C 
with Zn
2+
 precursor concentration of a) 12.5 and b) 25 mM for (1) 1.5, (2) 3, (3) 4.5 and
(4) 6 h. scale bars corresponds to 3µm
Having established the precursor concentration (12.5 mM and 25 mM), the effect of hydrothermal 
time on the nano-array growth was determined. The hydrothermal reaction time was varied from 
1.5 hours to 6 hours where the samples were collected and washed before being analysed using 
SEM. Illustrated in Figure 4.3 is the SEM images of the ZnO nano-arrays obtained at different re-
action times. It was immediately clear that lower time points do not yield a uniform nano-array 
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with 12.5 mM and 25 mM Zn
2+
 ion precursor concentration (Figure 4.3a1 and b1). A dense cover-
age could be observed at 3 hours of reaction time (Figure 4.3a2 and b2). Increasing the reaction 
time to 4.5 hours and 6 hours had a significant effect on the nano-rod arrays. At 6 hours, while us-
ing 25 mM Zn
2+
 ion precursor concentration, ZnO nanoarrays with an average length of 2 µm and 
average width of 120 nm (Aspect ratio ≈ 17) was obtained. This concentration was chosen for fur-
ther experiments.  
  Effect of seed layer 4.3.2
i. Effect of the number of coating cycles
Figure  4.4. Effect of ZnO seed layer coating on the hydrothermally grown ZnO nano-
arrays for a) one, b) three and c) five cycles at 25 mM hydrothermal concentration. Series 
(1) shows the top view of the nano-arrays and series (2) shows a 30° view of the nano-
arrays. scale bars corresponds to3µm. 
It is well known that the uniformity of the ZnO nano-array is highly dependent on the uni-
formity of the seeding layer. This suggests that any changes to the thickness or pin hole 
formation in the seed layer would not only change the uniformity of the nano-arrays, but 
also change the alignment of the nano-rods randomly. Increasing the seed layer coating 
will resolve the formation of islands as the seed layer thickness will surpass the threshold 
required for fabricating ZnO nanoarrays. To assess the influence of seed layer coating cy-
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cles, three independent experiments were performed where one, three and five seed layer 
coatings were first used before growing the ZnO nano-arrays using hydrothermal method. 
Illustrated in Figure 4.4 is SEM images showing the effect of coating thickness on nano-
array fabrication. It is evident from the image that although one coating shows nano-array 
formation (Figure 4.4a), by applying 5 coating cycles, well aligned ZnO nano-arrays can 
be fabricated (Figure 4.4c). These experiments were carried out at optimum conditions as 
determined in the previous sections. Conditions used are as follows: 0.1 M Zn(Ac)2, weight 
ratio of Zn(Ac)2 to ethanolamine equal to 1, aging temperature of 55 °C for 24 hours, spin 
coated at 4000 rpm, dried at 70 °C for 30 min and calculated at 450 °C for 1 h.  
 
ii. Effect of Zn(Ac)2 concentration 
 
Figure 4.5. Cycles of coating of ZnO seed layer on the hydrothermally grown ZnO 
nanoarrays for 0.01M sol-gel concentration a) 1, b) 3 and c) 5 cycles of coatings top View 
[ 1) 3 µm and 2) 10µm]. Hydrothermal concentration kept constant at 25mM. 
The nanoarrays density, uniformity as well as their alignment depends on the thickness of 
the seed layer of ZnO nanoparticles and also the seed layer uniformity. As it is shown in 
Figure 4.5 and Figure 4.6, when the sample surface was coated with low concentrations of 
sol-gel to make a seed layer, random arrays were grown on the surface. This resulted in 
nanoarrays to be grown non-uniformly on the surface and areas with no growth of ZnO 
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were also observed. At 0.01 M concentration of Zn (Ac)2 concentration, small patches of 
thin film as seed layer with different sizes were formed on the surface. Following the hy-
drothermal reaction, such islands resulted in a flower shaped ZnO structures. When the 
concentration of sol-gel for seed layer formation increased to 0.1 M Zn(Ac)2 concentra-
tions, uniform and well-ordered nanoarrays were observed on the substrate (Figure 4.6).  
Further increase in the concentration of the seed layer to 0.3 M resulted in the thickness 
and density of the nanoarrays to be increased. This essentially resulted in packed and thick 
nanostructures of ZnO to be formed on the surface of the substrate. Increasing the number 
of coating at this concentration resulted in the ZnO nanoarrays to start to merge and form a 
thin layer of ZnO. Therefore, this suggests that increasing by increasing coating numbers 
and concentration of Zn(Ac)2 may not be beneficial for obtaining uniformly coated ZnO 
nanoarrays.  
 
Figure 4.6. Cycles of coating of ZnO seed layer on the hydrothermally grown ZnO 
nanoarrays for 0.3M sol-gel concentration a) 1, b) 3 and c) 5 cycles of coatings top View 
[1) 3 µm and 2) 10µm]. Hydrothermal concentration kept constant at 25mM. 
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iii. Effect of calcination temperature
One of the critical parameters that can affect the ZnO nanoarrays formation is the crystal-
linity of the seed layer first deposited on the substrate. The time and temperature of calci-
nation can influence the crystallinity level. By increasing the temperature and the time of 
the reaction, diffusion of the atoms through the thin film of ZnO can be controlled.
25
 This
essential will not only result in a more uniform seed layer formation but also improve the 
crystalline nature of the seed layer.  
 Figure  4.7.Effect of calcination temperature of the seed layer at a) 150 °C b) 300 °C, c) 
450 °C and d) 750 °C [Angle view, bars are corresponded to 3µm]. 
Figure 4.7 demonstrates the effect of the calcination treatment on the ZnO nanoarrays 
formation. As illustrated in Figure 4.7, at low calcination temperatures, the nanoarrays are 
not well-aligned and they grow with random orientations with the nanoarrays showing dif-
ferent aspect ratios over the sample surface. When the seed layer is treated at 450 
°
C, fol-
lowing hydrothermal reactions, well-aligned ZnO nanoarrays are formed. Additionally, 
these nanoarrays maintain their structural integrity. It is immediately clear that by increas-
ing the calcination temperature, the uniformity in the seed layer resulted in the ZnO 
nanoarrays to be aligned perpendicular to the substrate. At higher calcination temperatures 
(750 
°
C), because of the increasing crystallite size of the ZnO seed layer, significantly
thicker nanoarrays are formed. SEM images show that these nanoarrays have flatter tips 
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compared to the previous cases. Based on these observations, a calcination temperature of 
450 
°
C was chosen for synthesizing ZnO nanoarrays. 
 
 ZnO nanoarrays on cotton bud 3D matrix 4.3.3
To understand if these parameters have similar effect on synthesizing ZnO nanoarrays on 
individual threads of cotton within a matrix of a cotton bud, ZnO nanoarrays were synthe-
sized on a cotton bud using sol-gel method followed by hydrothermal treatment where the 
sol-gel concentration was varied. Sol-gel was the only parameter varied as this had the 
largest influence on the fabrication of ZnO nanoarrays.  
 
 
 
Figure  4.8. Effect of sol-gel concentration on ZnO nanoarrays formation on cotton bud a) 
0.1 M b) 0.2 M and c) 0.3 M. ZnO nanoarrays were grown on these sol-gel coated cotton 
buds using hydrothermal process where the concentration of the precursors was main-
tained at 25 mM and the reaction was carried out at 95 °C for 6 h. scale bar corresponds 
to 100µm 
 
It was immediately clear that increasing the concentration of ZnO sol-gel had a stark effect 
on the formation of ZnO nanoarrays on cotton buds. As illustrated in Figure 4.8, when the 
reaction was carried out at 0.1 M, although the threads showed coverage of ZnO nanoar-
rays, even after several coatings, the nanoarrays were not uniform (Figure 4.8a). Further 
increasing the concentration of sol-gel resulted in uniform coating of ZnO nanoarrays on 
all of the strands of the interwoven cotton bud network. 
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 Silver decoration of ZnO nanoarrays 4.3.4
A simple and resourceful strategy was developed in the early 1800’s by Justus von Liebig 
for the fabrication of mirrors by using a solution based silver coating method.
36
 This meth-
od was further refined by B. Tollens and this modified strategy is widely accepted and used 
for the fabrication of coating a wide range of surfaces with silver.
37
 The major reactions 
that occur during the process are given as follows:
38
 
𝐴𝑔+ +  2𝑂𝐻− →  𝐴𝑔
2
𝑂 ↓ + 𝐻2𝑂                                                                                             (7) 
𝐴𝑔2𝑂 + 4𝑁𝐻3 +  𝐻 2𝑂 → 2[𝐴𝑔(𝑁𝐻3)2]
+ + 2𝑂𝐻−                                                    (8) 
2[𝐴𝑔(𝑁𝐻3)2]
+  + 𝑅𝐶𝑂𝐻 + 2𝑂𝐻−  → 2𝐴𝑔0  ↓ + 𝑅𝐶𝑂𝑂𝐻 + 4𝑁𝐻3 + 𝐻2𝑂                  (9) 
Based on the reactions, the key processes involved in the formation of Ag are ‘the addition 
of ammonia’. The addition of ammonia to the colourless silver nitrate solution first results 
in the formation of a brown coloured silver oxide (Equation 7). This reaction proceeds fur-
ther in the presence of excess ammonia to form a colourless diaminesilver (I) complex 
(Equation 8). Addition of ammonia increases the pH of the solution. This results in a 
change in the standard redox potential of Ag
+
/Ag from +0.799 V to +0.38 V. On the other 
hand, the reducing sugar’s redox potential is -0.15 eV at pH 7. Therefore, due to the de-
crease in overall reaction rate, silver nanoparticles formation occurs abruptly, making the 
growth rate to dominate compared to nucleation rate.
30
 It is important to note that low con-
centration of silver ions at the start of the reaction decreases the reduction rate. This result 
in the decrease of initial nuclei formed in the solution, leading to smaller number of nano-
particles with bigger size. It is also important to maintain the pH as the pH of the reaction 
can have a significant effect on the particle size and the kinetics of Ag reduction. There-
fore, to have a reproducible synthesis, the amount of ammonia added to the solution should 
be kept constant. On the other hand, as the reduction of the saver complex is dependent on 
the oxidation of sugar, the concentration of sugar during the reaction was also kept con-
stant at 1 M.  
Although the strategy for Ag deposition is simple and versatile, and can be used to deposit 
Ag nanoparticles on a wide range of substrates, it is important to obtain a uniform deposi-
tion of Ag nanoparticles on the surface of the ZnO nanoarrays. This could be achieved by 
employing a simple three-step ‘sensitization-seeding-deposition’ process as outlined in 
Chapter III.  
 116  
 
 
In this strategy, Sn
2+
 ions are first bound to the surface of the substrate on which the ZnO 
nanoarrays are formed. This essentially modifies the negatively charged surface of ZnO to 
a positively charged hydrophilic surface. The Sn
2+
 can then oxidize to Sn
4+
 to allow Ag 
ions to be reduced and decorate the surface.
39
 Given that this process is autocatalytic; when 
small nuclei of Ag first forms on the surface, deposition and localized growth start at these 
areas. However, sensitization with Sn
2+
 alone does not result in a uniform decoration of 
silver nanoparticles. This can be resolved by adding a seed layer of a catalyst before the Ag 
is reduced on the surface of ZnO. During the seeding process, Pd
2+
 ions are added to the 
sensitized ZnO surface. This results in the oxidation of the Sn
2+
 to Sn
4+
, while reducing the 
Pd
2+
 ions to form Pd nuclei as outlined in Equation 10.
41
 This is a spontaneous reaction as 
the favourable reduction potentials allow for the reaction to proceed (Pd
2+
 + 0.99 V vs. 
SHE and Sn
2+
 + 0.15 V vs. SHE) to allow the formation of Pd nuclei on the surface.
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𝑆𝑛+2 +  𝑃𝑑+2  →  𝑆𝑛+4 +  𝑃𝑑0                                                                                (10) 
The formation of the Pd nuclei acts as a catalyst site for the deposition of Ag nanoparticles 
during the reduction of Ag
+
 ions. This process not only allows for the efficient reduction of 
Ag
+
 ions, but also results in the uniform decoration of the ZnO nanoarrays surface with Ag 
nanoparticles.  
This simple strategy showed a great capacity for the decoration of Ag nanoparticles on 
large surfaces of ZnO nanoarrays. SEM images in Figure 4.9 show that the Ag density in 
ZnO/Ag composite nanoarrays can be controlled by varying the concentration of the dia-
minesilver (I) complex and the reaction time. As observed from the SEM images, the silver 
deposited on the surface of ZnO resulted in the formation of spherical nanoparticles instead 
of thin films. Increasing the concentration of silver ions and the reaction time also leads to 
an increase in the silver nanoparticle decoration density. Higher concentrations of silver 
ions typically resulted in the formation of larger Ag nanoparticles. Although, at higher 
concentrations of Ag ions (100 and 1000 mM), almost full coverage of ZnO nano-arrays 
with AgNPs is achieved, an increase in the reaction time to 6 min at these concentrations 
results in blocking the gaps between ZnO nanoarrays to an extent that the overall construc-
tions of the nano-arrays appear to fade away (Figure 4.9 c3 and d3). Conversely, at lower 
Ag ion concentrations (1 and 10 mM), increasing the reaction time results in the density of 
randomly distributed small AgNPs on the surface of ZnO nano-arrays to be increased. This 
essentially results in the decoration of ZnO nanoarrays with uniform amounts of AgNPs.   
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Figure  4.9. SEM images of ZnO/Ag composite nanorod arrays fabricated by reaction of 
ZnO nano-arrays with a) 1, b) 10, c) 100 and d) 1000 mM diaminesilver(I) complex for 
(a1, b1, c1 and d1) 1 min, (a2, b2, c2 and d2) 3 min and (a3, b3, c3 and d3) 6 min. Scale 
bars correspond to 1 µm. 
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XRD patterns recorded from the Ag decorated ZnO nanoarrays are shown in Figure 4.10. 
The samples obtained by varying the concentration of the diaminesilver complex and silver 
deposition time were all analysed by XRD. All samples showed peaks corresponding to 
wurtzite phase of ZnO (JCPDF 36-1451) without any other ZnO crystalline phases are ob-
served. 
 
Figure  4.10. XRD patterns obtained from ZnO/Ag nanorod arrays a) as a function of di-
aminesilver concentration of (I) 1, (II) 10, (III) 100 and (IV) 1000 mM for 3 min reaction, 
and b) as a function of reaction time for (I) 1, (II) 3 and (III) 6 min for 1000 mM diamine-
silver concentration. The lattice planes corresponding to Ag are indicated, while other 
peaks correspond to wurtzite phase of ZnO. 
 
In addition to ZnO peaks, the XRD patterns also show peaks corresponding to the silver 
nanoparticles (JCPDF 04-0783). It is evident that with increasing time of silver deposition 
as well as concentration of diaminesilver precursor complex, peaks corresponding to the 
(111) and (200) crystal phases of face centred cubic silver (Ag
0
) become noticeable. This is 
more prominent in the case of the diaminesilver precursor concentration, while the time of 
reaction only results in the change in the intensity of the peaks corresponding to Ag.  This 
supports the observations of the SEM (Figure 4.9) where more Ag nanoparticle decoration 
is observed by increasing the time as well as the concentration of diaminesilver precursor 
complex. 
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To further ascertain that the particles observed on the surface of ZnO are indeed silver na-
noparticles, XPS was employed. XPS is a highly surface sensitive technique and provides a 
good indication of the by-products, if any, formed during the decoration of AgNPs on the 
ZnO nanoarrays. As shown in Figure 4.11, the XPS spectra obtained from the samples col-
lected at each stage of the process supports the theory behind the Ag nanoparticle decora-
tion. The spectrum obtained from pristine ZnO showed peaks primarily corresponding to 
Zn 2p and O 1s. Following the sensitization of the ZnO nanoarrays with Sn
2+
, peaks corre-
sponding to Sn 3d5/2 core level BE at 486.7 eV could be observed. This corresponds to Sn 
in the Sn
2+
 oxidation state (Figure 4.11a and b).
33 
 
 
Figure  4.11. XPS spectra arising from ZnO/Ag nanorod arrays during different stages of 
Ag decoration a) general area scans from each synthesis step, b) Sn 3d5/2 core level from 
ZnO-Sn, c) Pd 3d core level from ZnO-Sn-Pd and d) Ag 3d core level from ZnO-Sn-Pd-Ag 
(ZnO/Ag). 
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Following the sensitization step, the ZnO nanoarrays were exposed to a solution containing   
Pd
2+
 ions. The favourable difference in the standard reduction potentials of the two half 
cells of the reactions (Pd
2+
 +0.99 V vs. SHE and Sn
2+
 +0.15 V vs. SHE) resulted in the 
spontaneous deposition of Pd
0
 nano-clusters on the surface of ZnO nanoarrays. The pres-
ence of the Pd
0
 nanoparticle was evident from the Pd 3d core level spectrum showing char-
acteristic 3d5/2 BE component at 335.2 eV (Figure 4.11c). This corresponds to the Pd in 
the Pd
0
 state.
43
 Interestingly Sn
4+ 
is the by-product of this process, however, no peaks cor-
responding to Sn
4+ 
is observed. This suggests that the Sn
4+ 
is released into the solution. The 
Pd nuclei act as nucleation/ catalytic sites for the uniform deposition of silver nanoparticles 
on the ZnO nanoarrays. The deposition of silver nanoparticles is confirmed by observing 
the Ag 3d core level XPS spectrum obtained after reacting activated ZnO nanoarrays with 
diaminesilver(I) complex for 3 min shows two spin-orbital splitting pairs with Ag 3d5/2 and 
Ag 3d3/2 with the Ag 3d5/2 BE maxima at 368 eV and 372 eV (Figure 4.10d). The lower 
BE feature at 368 eV corresponds to the Ag in the Ag
0
 nanoparticles, while the minor 
higher BE feature corresponds to Ag in the oxidised form.
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Figure 4.12. UV-visible absorbance spectra of RB with increasing illumination time in the 
a) absence and b) presence of ZnO/Ag prepared using 1 mM diaminesilver complex for 
3min, c) photo degradation efficiency of different ZnO/Ag nano-arrays prepared after 3 
min of AgNPs deposition. 
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It is well known that metal nanoparticle-decorated semiconductors can form a metal-
semiconductor junction leading to enhanced photocatalytic activity. This enhancement in 
the activity was a result of efficient light absorption and charge transfer kinetics. The Ag 
nanoparticle decorated ZnO nanoarrays were explored for the photo-degradation of Rho-
damine B, a common dye. It is immediately clear form the UV-Visible spectra (Figure 
4.12a and b) that although pristine RB molecules do not degrade in the absence of ZnO/Ag 
nano-arrays or in the presence of pristine Ag even after 6 h of UV illumination, RB is degrad-
ed in the presence of ZnO/Ag nano-array surface. Similar experiments were also carried 
out with increasing amounts of Ag nanoparticle decoration (Figure 4.12c). The efficiency 
of degradation increased as a function of increasing Ag concentration. At the lower con-
centration of AgNPs in the ZnO/Ag nano-arrays, the photo degradation efficiency increas-
es over that of pristine ZnO nanoarrays. However, a drastic improvement in the photocata-
lytic activity is observed at higher concentration of AgNPs in ZnO/Ag nanoarrays. 
Mechanistic aspects of metal-loading dependent change in photocatalytic performance of 
semiconductors reported previously suggests that an optimal metal loading is found to be 
critical in obtaining superior photocatalytic performance.
45,46 
In case of photo-excited 
ZnO/Ag nanoarrays, at low AgNPs concentrations, metallic particles bound to ZnO semi-
conductor can increase the electron/whole life time by facilitating transfer of electrons 
from conduction band of ZnO to AgNPs. Conversely, if the size and amount of the deco-
rated AgNPs passes a threshold, these metallic particles can act as the recombination sites 
for electron/hole pairs, thereby reducing the photo-efficiency of the system.
47
 
 
 Conclusions 4.4
This study demonstrates a simple solution based approach for the fabrication of ZnO/Ag 
nanoarrays on two dimensional (2D) and three dimensional substrates (3D). The effect of 
the synthesis parameters including concentration of Zn precursor in the sol-gel and hydro-
thermal mixture, reaction time, and thickness of sol-gel on the formation of well-aligned 
ZnO nano-arrays were studied thoroughly. The deposition of silver nanoparticles on the 
ZnO nanoarrays was then achieved through an electroless mirroring approach where the 
concentration of Ag
+
 ions and reaction time controlled the amount of Ag nanoparticles 
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decorated on the surface of the ZnO nanoarrays. The photocatalytic performance of the 
ZnO semiconductor combined with capabilities of AgNPs makes this material a desirable 
photocatalysis platform. The ability of Nano engineered ZnO/Ag hybrids to show outstand-
ing performance towards degrading dye molecules makes such strategies a simple and ef-
fective way to tacked environmental pollutants. It was also noted that an optimum decora-
tion of AgNPs on ZnO nano-arrays is critical for achieving optimum catalytic activity.  
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Chapter V 
 
ZnO@MTCNQ on 3D cotton matrix 
for photo-catalysis applications 
 
In this chapter, to investigate the effect of a semiconductor-semiconductor heterojunc-
tion on catalytic performance, n-type ZnO nanoarrays was grown on a cotton bud sub-
strate, followed by coating them with metal nanoparticles and converting the metal 
decorated ZnO nanoarrays to ZnO@MTCNQ nanostructures. The catalytic property of 
the material has been studied for the catalysis redox reaction where the reaction was il-
luminated with different light sources (dark, visible and infrared). The efficiency of the 
charge transfer kinetics due to the heterojunctions and the high surface area of the cot-
ton bud template allowed the catalytic reaction to proceed rapidly.  
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5.1. Introduction 
Conventional photocatalysis applications is primarily based on semiconductor materials. 
However, materials such as plasmonic metal nanoparticles and organic molecules have al-
so been reported for photo-driven reactions.
1, 2
 A primary aspect of photocatalysis is the 
ability of a material to absorb light. A challenge with using bare semiconductors is that 
they cannot fulfil the demand for high-performance photocatalysis in terms of light absorp-
tion, charge photo-generation and charge separation.
3-5
 Most semiconductors used in pho-
tocatalysis applications include TiO2 and ZnO, which can only can absorb ultraviolet (UV) 
light. Given that, the UV fraction (3%) is significantly small in comparison to visible and 
near-infrared light, the total charge photo-generation is too low for practical applications.
6
 
On the other hand, small and narrow band-gap semiconductors absorb light in the visible 
and NIR, however, demonstrate relatively low photocatalytic activity.
6,7 
To expand the ca-
pabilities of semiconductors for harvesting broader range of light and increasing the charge 
photo-generation, various strategies such as band-gap engineering and decoration of oxides 
with metal nanoparticles have been employed.
8,7
 Most of these strategies focus was on ex-
panding the light absorption of these materials into the visible range. However, as 52% of 
the solar spectrum belongs to the NIR region, engineering of materials that can absorb in 
this region is a particularly important challenge.  
Metal-7,7,8,8-tetracyanoquinodimethane (MTCNQ, M = Cu, Ag) and their hybrids with 
noble metals (Ag, Au, Pt, Ru and Pd) have received increasing attention in the area of ca-
talysis and photocatalysis due to their outstanding charge transfer and light absorption 
properties.
10-12
 These materials are well known for their application in electronics and field 
emission and, they have received considerable attention over the past 60 years, with a par-
ticular resurgence in interest in the past few years through the work of Dunbar et al., Miller 
et al., and Bond et al.
13-15
  
Charge generation via. photo illumination in a semiconductor is not the only important step 
in the photocatalysis process. Besides charge photo-generation; charge kinetics also plays 
an important role. The combination of different semiconductor materials or metal with 
semiconductors may have complementary properties and create materials with optimal per-
formances. For instance, forming semiconductor–semiconductor junctions can extend the 
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spectral range for light absorption and enhance electron–hole separation. In the chapter, 
this challenge will be addressed by fabricating ZnO@MTCNQ high aspect ratio nanoar-
rays on cotton fibres interwoven within the 3D matrix of a cotton bud.  
 
5.2. Approaches for efficient charge kinetics in semiconductor 
technology  
As discussed in chapter III (section 3.2), improved recombination leads to superior photo-
catalytic activity. A primary way for this is though the creation of heterostructures. To 
achieve this, a hybrid by combining an inorganic and organic semiconductor is proposed in 
the current chapter. The hybrid contains two n-type semiconductors (ZnO and MTCNQ) 
and investigates the effect of this coupling on charge transport phenomena and as the result 
photocatalytic activity. 
Semiconductor–semiconductor junctions are a type of hybrid used for enhancing charge 
transfer characteristics of a hybrid. Semiconductor materials with different band gap char-
acteristics can influence their light absorption properties and the charge transfer kinetics 
that directly relies on their bandgaps. The careful combination of different semiconductor 
materials with complementary properties to create new library of materials with optimal 
performances. For instance, forming semiconductor–semiconductor junctions can extend 
the spectral range for light absorption and enhance electron–hole separation. The charge 
kinetics model will vary depending on the bandgap alignments and the light absorption 
properties. There are generally four common different models of semiconductor–
semiconductor junctions have been developed to enhance the charge kinetics, including 
semiconductor sensitization,
16
 Type II,
17
 phase junction,
18
 and Z-scheme.
19,20 
When only 
one of the semiconductor component is excited in a semiconductor–semiconductor junc-
tion, the photo-generated charge may transfer to the other unexcited semiconductor. This 
process is called semiconductor sensitization.
16
 In all the other models of charge kinetics, 
both semiconductor components are typically excited. In the Type II structure, the elec-
trons that are photo-generated from the semiconductor with a higher conduction band edge 
(CB) migrate to the one with a lower conduction band edge. Moreover, the photo-
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generated holes are transported from between the semiconductors. The same charge flow 
works for the semiconductors with a phase junction, with the only difference being that the 
junction is formed by two different phases of a single semiconductor compound. The three 
mechanisms, semiconductor sensitization, Type II and phase junction, are all based on di-
rect electrical contact between the two semiconductors. Similar to the metal–
semiconductor contact in a Schottky junction, the interfacing of two semiconductors with 
different band structures leads to the charge redistribution equilibrating. As a result, band 
bending occurs in the space charge region, creating an internal electric field. This facili-
tates the separation of electrons and holes in the region. The directions of the charge trans-
fer depend on the relative edge positions of the CB and the VB of the two semiconductors. 
The electrons flow to the more positive position, whereas the holes diffuse to the more 
negative position. It should be noted that band discontinuity of the CB (Ec) and the VB 
(Ev) might be present after the Fermi level equilibration due to the difference in the flat-
band CB and VB potential of the two semiconductors.
21
  
Based on the optimized parameters for obtaining ZnO nanoarrays on 3D cotton bud sub-
strate in Chapter IV, this chapter focuses on the fabrication of ZnO nanoarrays on 3D sub-
strate (cotton bud) followed by (i) metal (Cu/Ag) deposition and (ii) partial/full conversion 
of metal to MTCNQ. Given that both ZnO and MTCNQ are n-type semiconductors; the 
heterojunction properties are investigated. The morphological and chemical characteristics 
of these hybrids has been investigated using different characterization techniques, followed 
by their applicability in catalysis reactions. Given that each part of the hybrid absorbs a dif-
ferent wavelength of light (ZnO – UV, metal – visible, and infrared – MTCNQ), the influ-
ence of different light sources on the catalytic ability was studied using either a redox fer-
ricyanide – ferrocyanide conversion reaction of dye degradation reactions. The mechanistic 
understanding of the charge transfer processes was studied using electrochemical tech-
niques such as OCP and EIS and IV measurements. Such studies provided vital clues on 
the efficiency of charge accumulation/injection at the solid-solution interface under the in-
fluence of different light sources. 
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5.3. Materials and methods  
5.3.1. Materials 
Copper (99.9% purity) , silver (99.9% purity) and Zn (99% purity) foils were obtained 
from Sigma-Aldrich; 7,7,8,8-tetracyanoquinodimethane (TCNQ) was obtained from Fluka; 
silver nitrate (AgNO3), copper sulphate (CuSO4), sodium potassium tartrate 
(KNaC4H4O6.4H2O), tin chloride (SnCl2), palladium nitrate (Pd(NO3)2), glucose, Zinc ni-
trate hexahydrate (Zn(NO3)2.6H2O), Zinc acetate ((CH3CO2)2Zn), hexamethylenetetra-
mine, Monoethanolamine (MEA) and formaldehyde was obtained from Sigma-Aldrich; 
and acetonitrile was obtained from BDH Chemicals. Copper and silver foil were treated 
with dilute nitric acid (Sigma-Aldrich), rinsed with deionized water (MilliQ) and dried 
with a flow of N2 gas prior to use. All chemicals were used as received. 
 
5.3.2. Synthesis of ZnO@CuTCNQ and ZnO@AgTCNQ hybrid materi-
als 
The ZnO nano-arrays was obtained by employing a two-step process where a seed layer of 
ZnO was first obtained on the cotton buds using sol-gel approach where the buds were 
dipped in the sol-gel. The substrate was then dried at 95 °C for 10 min. This process was 
repeated 3-5 times before annealing the substrates. The hydrothermal growth of the ZnO 
nano-arrays on the cotton buds was carried out using the following steps. Aqueous zinc ni-
trate and hexamine (50 mL) was transferred to a sealed glass autoclave. The cotton bud 
with the ZnO seed layer was suspended in the hydrothermal solution. The hydrothermal re-
action was then carried out at 95 °C for 6 hours. Following the reaction, the cotton bud 
with the ZnO nano-arrays were collected, washed rigorously with deionized water before 
drying with N2 gas under ambient conditions.  
Ag and Cu nanoparticle deposition was carried out using a solution-based approach where 
the ZnO nano-array were first sensitized for 30 min in a 2 mL (0.03 mM) SnCl2 aqueous 
solution. After washing with water, substrates were immersed into 2 mL (3 mM) aqueous 
Pd(NO3)2 for 10 min to form Pd nuclei that act as seeds for metal plating. Silver nanoparti-
cle deposition was carried out by exposing the Pd nuclei containing cotton buds to 1 mL (1 
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M) diaminesilver(I) complex ([Ag(NH3)2]
+
), followed by the addition of 1 mL of glucose 
(1 M) for 30 min at 25 °C. Copper nanoparticle deposition was carried out by exposing the 
Pd nuclei containing cotton buds a mixture of sodium potassium tartrate (0.3 M), NaOH (1 
M) and CuSO4•5H2O (0.1 M) aqueous solutions to which 6 mL of formaldehyde (1 M) 
was finally added facilitating the reduction of copper ions. A schematic of the process is 
given in Figure 5.1 
 
Figure  5.1. Schematic representation of fabrication of ZnO/Metal nano-arrays which in-
volves (1) hydrothermal growth of ZnO nano-, (2) sensitization of ZnO nano-arrays with 
Sn and Pd, followed by (3) electroless plating of Metal NPs onto ZnO nano-arrays. 
 
Once the M@ZnO nano-arrays are obtained, the metal nanoparticle is converted to the cor-
responding MTCNQ through a simple one electron transfer process. For this, the M@ZnO 
nano-arrays were dipped in a solution of TCNQ (5 mM) at 60 °C for 10 min in acetonitrile. 
Through a one electron transfer process, the metal is converted to MTCNQ to form the 
ZnO@MTCNQ hybrid structures.  
 
5.3.3. Materials characterization 
Surface topology of cotton bud catalysts was studied using scanning electron microscopy 
(FEI Quanta SEM) operated at an accelerating voltage of 20 kV. EDX analysis was carried 
out on the FEI Quanta SEM fitted with an Oxford X-Max 20 Silicon Drift Detector. Fouri-
er transform infrared (FTIR) spectroscopy was carried out using a Perkin-Elmer Spectrum 
100 system; Raman spectroscopy was performed using a Perkin-Elmer Raman Station 
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200F and X-ray diffraction (XRD) was performed using Bruker D4 Endeavour equipment 
fitted with Lynx-eye position sensitive detector; UV-visible absorbance spectroscopy on 
solutions was performed using a Cary 50 Bio spectrophotometer; AAS was performed us-
ing Varian Fast Sequential AAS after digesting the metal cotton buds using nitric acid; and 
Photoelectron spectroscopy in air (PESA) measurements were performed on a Riken Keiki 
AC-2 spectrophotometer.  
Solid state optical reflectance spectra of ZnO@CuTCNQ and ZnO@AgTCNQ were col-
lected in the 300-2500 nm range using a Perkin-Elmer Lambda 1050 spectrophotometer 
equipped with an integrating sphere and a small spot kit. The 100% reflectance baseline 
was measured using a Labsphere certified reflectance standard. For optical band gap calcu-
lation of CuTCNQ and AgTCNQ, FTIR measurements were conducted on Perkin-Elmer 
Frontier FTIR/FIR spectrometer using KBr pellets containing 1 % wt MTCNQ sample 
scrapped-off from the substrate. A pure KBr pellet was used to correct the baseline signal. 
 
5.3.4. Redox catalysis reaction 
A well-known first order reaction model of ferricyanide reduction (0.1 M thiosulphate and 
1 mM potassium ferricyanide) was employed, which was carried out either under dark 
conditions or by illuminating the quartz reaction vessel with visible or IR light while main-
taining the target illuminance of 8,000 lux. Warm white LED was sourced from Lastek and 
IR bulb was obtained from Infraphil. Particular care was taken to maintain the temperature 
of the catalytic reactions at 25 ± 1 °C. The catalytic reactions were analysed by UV-vis 
spectroscopy in a quartz cell of 1 cm path length by taking aliquots from a 30 mL solution 
in which the sample was fixed under stirring conditions. The stirring rate was maintained 
at 1,200 rpm using a magnetic stirring bar at the bottom of the beaker.  
 
5.3.5.  Dye degradation 
Given that the ferricyanide redox reaction is unstable under UV illumination (due to the 
formation of the Prussian blue); the effect of UV light illumination on the catalytic perfor-
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mance of these hybrids was studied by evaluating the photocatalytic activity of 
ZnO@MTCNQ nanoarrays for dye degradation. Samples were exposed to 30 mL of 10 
μM Methylene Blue in the dark for 1 h to stabilize the adsorption of dye before their expo-
sure to light irradiation. After 1 hour, the samples were illuminated with UV light and the 
degradation of dye was measured in a time-dependent manner. The uniform UV exposure 
to the substrates was confirmed by employing an 18 W, 370 nm LED (Edmund Optics) 
with attached heat sink (to avoid sample heating). The time-dependent photo degradation 
of Methylene blue was determined by monitoring the change in the absorbance intensity of 
the Methylene blue using EnVision Multilabel Plate Reader (PerkinElmer). 
 
5.3.6. Electrochemical measurements 
Considering that the cotton buds are hydrophilic in nature, electrochemical measurements 
could not be directly performed on the cotton buds containing the hybrid material. There-
fore, the hybrids were fabricated in Zn foil where the fabrication was similar to the proto-
cols described above for cotton buds. Briefly, ZnO nanoarrays formed on ZnO foil using 
hydrothermal method following by metal deposition via a three-step solution-based process 
as described before. Surface characterization was performed using SEM. 
Electrochemical experiments were conducted at (25 ± 1) °C with a CH Instruments (CHI 
760C) electrochemical analyser under different photo-illuminations conditions (dark, visi-
ble and IR). The working electrode was the sample of interest, the reference electrode was 
Ag/AgCl (aqueous 3 M KCl) and a platinum wire was used as the counter electrode. For 
open circuit potential (OCP) versus time experiments, 1 mM [Fe(CN)6]
3-
 was initially pre-
sent in the electrochemical cell and stirred for a period of 200 s, while the OCP vs. time da-
ta was recorded to establish a steady OCP value at the surface. At this time, the required 
volume of S2O3
2-
 was injected into the cell to give a final concentration of 0.1 M while the 
OCP vs. time profile was continuously monitored. Electrochemical impedance spectrosco-
py (EIS) experiments were performed using a CH Instruments (CHI 920C) under quiescent 
conditions at the formal redox potential of ferricyanide/ferrocyanide (5 mM; 0.1 M NaCl) 
at an amplitude of 10 mV over a frequency range of 0.01–105 Hz. The sample consisted of 
a fixed area of exposed metal or M@MTCNQ materials, while the surrounding material 
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was masked using Kapton tape. In order to study the effect of UV light, EIS experiments 
were performed for dye degradation using a CH Instruments (CHI 920C) under quiescent 
conditions (10µM MB; 0.1 M NaCl) at an amplitude of 10 mV over a frequency range of 
0.01–105 Hz. The sample consisted of a fixed area of exposed materials, while the sur-
rounding material was masked using Kapton tape. 
 
5.3.7. Photoconductivity measurements 
Electrical conductivity measurements on ZnO@AgTCNQ and ZnO@CuTCNQ fabricated 
on insulating Si substrate, were performed in the presence of different light sources (dark, 
UV, visible and IR) using an Agilent 2912A source meter while employing microelec-
trodes (100 µm tip diameter), wherein one of the tips was placed on the ZnO surface and 
the other was directly placed on MTCNQ. Care was taken to place the probes at equal dis-
tance during the two-probe direct current measurements. The relative change in current in-
tensity between dark and light illumination was plotted as a change in the voltage of these 
sample. 
5.4. Results and Discussions 
5.4.1. Characterization of ZnO@MTCNQ hybrids on cotton buds 
 
Figure  5.2. SEM images of the 3D ZnO@cotton templates after growing (a) Ag and (b) 
Cu nanoparticles using a facile solution-based approach. Scale bar in the main figures 
correspond to 100 μm, while figures in insets correspond to 50 μm. 
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The deposition of Ag and Cu on the surface of the ZnO nano-arrays fabricated on cotton 
buds was first assessed using microscopy (Figure 5.2). The SEM images of the ZnO@Ag 
and ZnO@Cu shows that both metals are deposited on the surface of the ZnO nanoarrays. 
Higher magnification images suggest that the deposition of the Ag and Cu nanoparticles 
predominately occurs on the tip of the ZnO, while some of these particles are deposited on 
the bottom of the ZnO nanorods.   
The deposition of metal nanoparticles on the surface of the ZnO nano-arrays fabricated on 
cotton buds was followed by the growth of MTCNQ microrods. This reaction proceeds 
rapidly as a result of a spontaneous crystallization process through a simple electron trans-
fer reaction between pristine metal and TCNQ in acetonitrile. This simple one electron re-
duction of TCNQ
0
 through its interaction with metal (Cu
0
/Ag
0
) as electron donor, results in 
a corrosion crystallization process to form a dark-reddish purple coloured CuTCNQ and 
purple coloured AgTCNQ crystal.
 
The process can be given as follows:
23-28
 
Cu0 + TCNQ0 → 𝐶𝑢+ + 𝑇𝐶𝑁𝑄−  → 𝐶𝑢𝑇𝐶𝑁𝑄  (1) 
Ag0 + TCNQ0 → 𝐴𝑔+ + 𝑇𝐶𝑁𝑄−  → 𝐴𝑔𝑇𝐶𝑁𝑄  (2) 
 
 
Figure  5.3. SEM images showing dense coverage of high aspect ratio (a) AgTCNQ and 
(b) CuTCNQ microrods grown on individual fibrils of ZnO@cotton buds. Scale bars in the 
main figures correspond to 250 µm, while those in insets correspond to 50 μm. 
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Figure 5.3 shows the ZnO@AgTCNQ and ZnO@CuTCNQ microrods grown radially on 
each of the strands of the high surface area 3D cotton bud substrate. These microrods 
showed an average length of 50-100 µm with dense coverage across the surface of the 
metal-coated cotton substrate. The structures in the current case were similar to that ob-
served when such semiconducting materials are grown on 2D metal foils through a facile 
solution process similar to that used in the current study.
31-36 
The absence of any visible 
precipitation in the reaction solution further suggests that the MTCNQ crystals are strongly 
adhered to the surface of the ZnO-coated cotton buds.  
 
Figure  5.4. a1) SEM image, a2) EDX spectra and, a3) EDX maps of ZnO@AgTCNQ and 
microrods grown on cotton fibrils intertwined within the 3D matrix of a cotton bud. Scale 
bars correspond to 100 µm. 
 
The uniformity of the AgTCNQ growth on the surface of the ZnO nanoarrays was con-
firmed using EDX analysis. Figure 5.4 shows the SEM image and the corresponding EDX 
spectrum and EDX map obtained from the ZnO@AgTCNQ hybrid sample. The EDX spec-
trum showed characteristic energy lines obtained from N Kα at 0.392 keV that can be at-
tributed to the TCNQ and Zn Kα at 8.6 keV, while the Ag Lα (Figure 5.4. a2) energy lines 
were also observed in the ZnO@AgTCNQ hybrid sample.
37
 An EDX map of the individual 
components further confirmed that the AgTCNQ microrods (Figure 5.4. a3) are grown 
uniformly and radially on each of the strands of the ZnO coated cotton bud template. 
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Figure  5.5.  SEM cross section images of a single fibre of cotton bud coated with ZnO@AgTCNQ 
hybrids. 
Considering the fact that the SEM images do not show the presence of the ZnO nano-
arrays, a cross-section SEM was performed, where the surface of the cotton bud was 
etched. Figure 5.5 shows the cross-section back scatter SEM image of a single fibre of the 
cotton bud coated with ZnO@AgTCNQ hybrids. The difference in the contrast between 
organic and inorganic moieties suggest that the ZnO is embedded within the matrix of Ag-
TCNQ microrods (Figure 5.5a). This is evident from the higher magnification image (Fig-
ure 5.5b), where the innermost layer of the cotton is represented in dark, followed by a 
light coloured ZnO layer and finally by a light coloured AgTCNQ layer. This confirms that 
the conversion of the Ag nanoparticles to the AgTCNQ semiconducting complex occurs on 
the surface of the ZnO nano-arrays.  
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Figure 5.6. a1) SEM image of, a2) EDX spectra and, a3) EDX maps of ZnO@CuTCNQ 
and microrods grown on cotton fibrils intertwined within the 3D matrix of a cotton bud. 
Scale bars correspond to 100 µm. 
The uniformity of the CuTCNQ growth on the surface of the ZnO nanoarrays was also 
confirmed using EDX analysis. Figure 5.6 shows the SEM image and the corresponding 
EDX spectrum and EDX map obtained from the ZnO@CuTCNQ hybrid sample. Similar to 
that observed in the case of ZnO@AgTCNQ, the EDX spectrum showed characteristic en-
ergy lines obtained from N Kα at 0.392 keV that can be attributed to the TCNQ and Zn Kα 
at 8.6 keV, while the Cu Lα (Figure 5.6 a2) energy lines were also observed in the 
ZnO@CuTCNQ hybrid sample.
37
 An EDX map of the individual components further con-
firmed that the CuTCNQ microrods (Figure 5.6 a3) are grown uniformly and radially on 
each of the strands of the ZnO coated cotton bud template. 
The chemical nature of the ZnO@MTCNQ was confirmed using Raman spectroscopy, 
which can differentiate between the TCNQ
0
 and TCNQ
-
 species.
29-33
 The Raman spectra of 
the pristine TCNQ shows four characteristic peaks at ca. 1200 cm
-1
 (C=CH bending), 1450 
cm
-1 
(C-CN wing stretching), 1600 cm
-1
 (C=C ring stretching) and ca. 2225 cm
-1
 (C-N 
stretching). These peaks corroborate well with literature and correspond to neutral TCNQ 
(TCNQ
0
).
33
 Following the conversion of the metal on the ZnO nanoarrays, the metal nano-
particles were converted to the corresponding MTCNQ using a solution-based approach. 
This resulted in a shift in the Raman peaks observed in pristine TCNQ. 
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Figure 5.7. Raman spectra obtained from pristine TCNQ, M@MTCNQ and 
ZnO@MTCNQ grown on 3D cotton buds where (a) M = Ag and (b) M = Cu. 
 
A comparison between the Raman spectra of pristine TCNQ and ZnO@MTCNQ material 
exhibits a shift in the C–CN stretching vibration mode from 1450 cm-1 to 1380 cm-1 Figure 
5.7.
 
This shift confirms that the TCNQ is in the reduced form.
34-36
 The Raman spectra 
shows two principal vibration modes of TCNQ at 1450 cm
-1
 (C-CN wing stretching) and 
2227 cm
-1
 (C-N stretching) that red shift significantly following the conversion of the 
TCNQ
0
 to MTCNQ for both AgTCNQ and CuTCNQ materials growing on ZnO nanoar-
rays grown on a cotton bud substrate. The shifts in these characteristic principal vibrational 
modes confirm the reaction of pristine metal (M
0
) and TCNQ
0
 to form CuTCNQ and Ag-
TCNQ charge transfer complexes. 
FTIR spectroscopy also confirmed that the materials were indeed from MTCNQ (Figure 
5.8). The vibrational feature particularly at 823 cm
-1
 arising from the C–H bending in 
MTCNQ materials confirms that the structures observed on the surface of the ZnO nanoar-
rays are indeed TCNQ
–
 and not TCNQ
0
, TCNQ
2-
 or mixed valence states, because such vi-
brational frequencies are vulnerable to change in the oxidation states. 
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Figure  5.8. a) FTIR spectra obtained from pristine TCNQ, Ag@AgTCNQ and ZnO@ Ag-
TCNQ grown on 3D cotton buds. b) FTIR spectra obtained from pristine TCNQ, 
Cu@CuTCNQ and ZnO@CuTCNQ grown on 3D cotton buds. 
 
CuTCNQ shows characteristic signatures at 2206 and 2172 cm
-1
 corresponding to ν(C≡
N), which possess lower energy compared to those of neutral TCNQ
0
 at 2221 cm
-1
, further 
indicating that TCNQ is in the reduced form in CuTCNQ. Similarly, the IR bands at 1509 
cm
-1
 corresponding to ν(C=C) further support the presence of reduced TCNQ-. For Ag-
TCNQ, the IR spectrum shows three strong bands observed in the ν(C-N) region at 2199, 
2183, and 2160 cm
-1, a strong band observed in the ν(C=C) region at 1507 cm-1, combined 
with the δ(C-H stretching) band at 823 cm-1 confirms that the TCNQ in AgTCNQ is in a 
reduced TCNQ
-
 species. Given that the synthesis protocol was similar to that used in Chap-
ter III, the XRD patterns showed that the CuTCNQ was phase I, while the AgTCNQ was 
phase II.   
 
5.4.2. ZnO@MTCNQ for photocatalysis applications 
The ability to fabricate high aspect ratio ZnO@MTCNQ microrods that can absorb light in 
the UV, visible and the infrared region of the solar spectrum, on a high surface area 3D 
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cotton template provides an ideal opportunity to explore the applications of such hybrid for 
catalysis applications. MTCNQ-based organic semiconductors are known for their low 
band gap (Eg) that has been recorded to vary between 0.28-0.74 eV for AgTCNQ
37-40
 de-
pending on the experiment or theoretical method employed. Therefore, in the presence of 
an underlying wide band-gap semiconducting metal-oxide like ZnO, will allow the for-
mation of an organic/ inorganic semiconductor junctions. The formation of such junctions 
is likely to improve the photocatalytic performance, as they are known to influence the 
electron-hole separation at the interface and charge kinetics of the catalytic reaction.
41 
In 
addition, this should also provide an ideal setting to accelerate charge transfer at the semi-
conductor-semiconductor interface especially during photo-illumination conditions.  
Both, the organic charge transfer complex of MTCNQ and ZnO, are n-type semiconductors 
and they have different bandgap properties. Therefore, the current hybrid material 
ZnO@MTCNQ will result in the formation of a n-n semiconductor junction.
42
 Once such a 
junction is formed, electrons will flow from the semiconductor with the higher Fermi ener-
gy level (semiconductor I) to the semiconductor with the lower Fermi level (semiconductor 
II). This will result in an electron-depletion region in semiconductor I and an electron-
accumulation region in semiconductor II. It will therefore create a built-in electric field at 
the interface with a potential difference between the two sides. The electron flow stops 
when the Fermi levels on both sides become equal. The energy difference between the in-
terface and the bulk in the semiconductor due to electron flow causes the band to bend up-
ward or downward. This band bending characteristics plays an important role in the elec-
tron-hole separation, which leads to faster reaction kinetics.  
Based on such knowledge and information gained on M@MTCNQ junctions outlined in 
Chapter III, the influence of light illumination on the ZnO@MTCNQ hybrids for a well-
known model reaction of ferricyanide to ferrocyanide conversion in the presence of sodium 
thiosulfate, was studied. This reaction can be monitored by measuring the change in ab-
sorbance at ca. 420 nm using UV-visible spectroscopy. This first order reaction (as the re-
action proceeds under excess thiosulfate) can be given as: 
 
 2 [Fe(CN]6]
3− +  2 𝑆2𝑂3
2− →  2 [Fe(CN]6]
4− + 𝑆4O6
2−
   (3) 
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Figure  5.9. UV-Vis spectra obtained from catalytic degradation of ferricyanide to ferro-
cyanide using ZnO@AgTCNQ in the a) absence of light and b) during visible-light and c) 
infrared-light illumination. 
 
It was essential to first determine the influence of light illumination on the catalytic activity 
of the ZnO@MTCNQ hybrids. It is clear from Figures 5.9 and 5.10 that both 
ZnO@AgTCNQ and ZnO@CuTCNQ hybrids catalyse the reaction, respectively. Howev-
er, the efficiency of the catalytic reaction is dependent on the wavelength of light illumina-
tion.   
 
Figure  5.10. UV-Vis spectra obtained from catalytic degradation of ferricyanide to ferro-
cyanide using ZnO@CuTCNQ in the a) absence of light and b) during visible-light and c) 
infrared-light illumination. 
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Similar to the observations in Chapter III, the Cu-based hybrids were a better catalyst than 
Ag-based hybrids. This is predominately because, Cu is a better catalyst than Ag. Howev-
er, the influence of light illumination on the Ag-based hybrids were significantly better, 
which may be due to the higher absorption characteristics of Ag.   
The influence of the light illumination (dark vs. visible vs. infrared) on the catalytic rates 
and reaction time was studied by illuminating both ZnO@AgTCNQ and ZnO@CuTCNQ 
catalysts grown on cotton buds with 8,000 lux equivalents of either visible or infrared light. 
Notably, this photo intensity corresponds to only 8.2% of the 98,000-lux illuminated by the 
sun on a perpendicular surface at the sea level, which should make the current catalysts 
highly active for solar catalysis reaction. The rate kinetics of the catalytic reaction was de-
termined by plotting ln(At/A0) vs. time and analysing the slope of the linear part of the 
graph, where At is the intensity of the absorbance peak at time t while A0 is the peak inten-
sity at time zero.  
 
From Figure 5.11, it is immediately clear that all Ag-based samples including Ag nanopar-
ticle coated cotton buds, Ag@AgTCNQ, ZnO@Ag and ZnO@AgTCNQ samples show 
catalytic activity. It is also apparent that the rate of the catalytic reaction is faster on light 
illumination. For Ag@Cotton, the reaction proceeds faster under visible light illumination 
in comparison to dark or infrared light. This is unsurprising, as the LSR effect of Ag would 
lead to a faster reaction kinetics. For Ag@AgTCNQ, the reaction rates increased from 
0.033 (dark) to 0.056
 
(visible) and further to 0.073 min
-1
 (IR), which correspond to 75, 50 
and 30 min, respectively, for 95% reaction completion. The enhanced photo activity of 
Ag@AgTCNQ in visible light originates from the well-known strong LSPR properties of 
silver. This is evident from the Ln graphs obtained for Ag coated cotton.  
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Figure  5.11. Plots of ln(At/A0) versus time for (a) Ag (b) ZnO@Ag, (c) Ag@AgTCNQ and 
(d) ZnO@AgTCNQ grown on cotton buds for catalytic conversion of Fe(CN)6
3- 
to e(CN)6
4-
 
carried out in the absence of light and during visible and IR illumination. At and A0 corre-
spond to absorbance intensities of the reaction products at 420 nm at different time points, 
and at the zero-time point, respectively. 
 
For ZnO@Ag, the results suggest that, although there is an improvement in the reaction 
kinetics, the observed response is similar to that obtained for Ag@Cotton. This suggests 
that the formation of a metal / semiconductor junction has some effect on the catalytic abil-
ity of ZnO. Interestingly, on converting the Ag on the surface of ZnO nanoarrays to Ag-
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TCNQ to for a ZnO@AgTCNQ hybrid, the catalytic rate showed a significant improve-
ment during visible and infrared light illumination in comparison to dark conditions. The 
calculated reaction rates under these different light sources are 0.064 (dark), 0.11 (visible) 
and 0.48 min
-1
 (infrared). Similarly, a significant improvement in the time taken for the re-
action to proceed to 95% completion was observed (from >70 min to 40 min for visible 
and 10 min for infrared). These rates are significantly higher than that observed for Ag, 
Ag@AgTCNQ as well as ZnO@Ag.  
 
 
Figure 5.12.Comparison of the catalytic activity between (a) pristine Ag and 
Ag@AgTCNQ, and (b) ZnO@Ag and ZnO@AgTCNQ under dark, visible and IR illumina-
tion; (c) shows plot of the percentage improvement in activity of different catalysts, when 
compared from dark to photo-illumination conditions (visible and infrared). The data rep-
resents time taken to achieve 95% completion of the reaction. 
 
If the time activity is compared in terms of time taken for the catalytic reaction to achieve 
95% completion (Figure 5.12), it is clearly evident that the improvement observed for the 
ZnO@AgTCNQ system outperforms all other systems. Such improvement in the catalytic 
rate may be due to two reasons viz. (i) increase in the surface area of catalytically active 
sites and (ii) the nature of the organic/ inorganic semiconductor junction. While the en-
hancement could be a contribution of both these factors, each of these are discussed further 
when performing electrochemical analysis and electronic studies. 
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To negate the possibility of additional MTCNQ involved in the catalytic reaction, UV-
visible spectroscopy was employed to monitor the consumption of TCNQ
0
 during Ag-
TCNQ growth, when the reaction was carried out for the formation of Ag@AgTCNQ and 
ZnO@AgTCNQ.  
 
 
Figure 5.13. UV-Vis spectra of TCNQ
0
 consumption for Ag@AgTCNQ and 
ZnO@AgTCNQ. 
 
The UV-Vis spectra recorded shows that the consumption of TCNQ
0
 within 10 minutes of 
the reaction. As illustrated in the Figure 5.13, the consumption of TCNQ
0
 for both 
Ag@AgTCNQ and ZnO@AgTCNQ reached to 50%, suggesting that the amount of Ag-
TCNQ in either case was comparable. Therefore, the catalytic activity in the 
ZnO@AgTCNQ is not due to the formation of additional AgTCNQ, which may participate 
during the catalytic reaction. However, this suggests that the rate enhancement in non-
illumination condition can be attributed to the increase in the surface area, which is as a re-
sult of the ZnO nanoarrays. It is well-known that formation of ZnO nanoarrays can in-
crease the surface area of the catalyst in comparison to having ZnO nanoparticles on the 
substrate. Therefore, deposition of Ag on the surface of ZnO, followed by their conversion 
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to AgTCNQ may provide additional surface of the AgTCNQ to be exposed thereby pro-
moting the catalytic activity.  
However, comparing the fold increase of the catalytic rate in ZnO@AgTCNQ in compari-
son to Ag@AgTCNQ (outlined in Table 5.1), suggest that the enhancement is not just 
based on the surface area. It in fact suggests that the rate enhancement observed in the ZnO 
samples can be partially due to the higher surface area of ZnO samples. In addition to the 
surface area, light illumination also results in band bending at the junction of the wide 
bandgap semiconductor (ZnO) and narrow bandgap semiconductor (AgTCNQ). Theoreti-
cally, this junction can extend the light absorption of the resultant hybrid.
44
   
 
Table  5. 1. Fold increase of catalytic activity for each light source (comparing influence 
of light on metal-semiconductor and semiconductor - semiconductor junction). 
 
 
 
 
 
 
 
 
 
Material Conditions Reaction 
rates (min
-1
) 
Fold increase 
compared to 
Ag@AgTCNQ 
 
ZnO@AgTCNQ 
 
Ag@AgTCNQ 
3D/dark/30 mL 0.064 2  
3D/visible/30 mL 0.11 2 times  
3D/IR/30 mL 0.48 6.57 times  
3D/dark/30 mL 0.033 n/a  
3D/visible/30 mL 0.056 n/a  
3D/IR/30 mL 0.073 n/a  
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Considering the fact that ZnO absorbs UV light and the influence of UV light on the cata-
lytic performance of these hybrids cannot be performed using the ferricyanide catalytic re-
action due to the instability of ferricyanide under UV illumination (forms Persian blue); 
dye degradation experiments using methylene blue were carried out.  
 
 
Figure  5.14. Comparison of the catalytic activity between (a) Ag@AgTCNQ, ZnO@Ag 
and ZnO@AgTCNQ under dark, UV and IR illumination for dye degradation; (b) shows 
plot of the percentage improvement in activity of different catalysts, when compared from 
dark to photo-illumination conditions (UV and IR).  
To assess the improvement in the catalytic rates, Ag@AgTCNQ, ZnO@Ag and 
ZnO@AgTCNQ were employed for dye degradation reaction under dark, UV-light and in-
frared-light illumination conditions. As illustrated in Figure 5.14, all samples were able to 
drive the oxidative catalytic reaction. Interestingly, the reaction rate was very slow for all 
the samples in dark condition. For ZnO@AgTCNQ hybrid, the time taken for the reaction 
to finish decreased significantly under illumination of UV and infrared light illumination 
conditions (from >475 min to 60 min for UV and 150 min for infrared). In comparison, the 
Ag@AgTCNQ took >575 min in dark to 300 min for UV and 250 min for infrared light il-
lumination conditions. A plot of the percentage improvement in the catalytic efficiency 
suggests that the ZnO@AgTCNQ hybrids outperforms all other samples, when the catalyt-
ic reaction proceeds under UV-light illumination conditions. This strongly suggests that the 
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heterojunction formed at the interface of ZnO and AgTCNQ plays a vital role in the band 
bending characteristics.   
 
Therefore, considering the rate enhancements for both the reductive and oxidative catalytic 
reactions, the ZnO@AgTCNQ hybrid shows better catalytic performance in all conditions 
including dark in comparison to Ag@AgTCNQ. In fact, the rate of enhancement observed 
in the case of infrared light illumination is significantly better for both catalytic reactions 
suggesting that the hybrid system has excellent ability to absorb infrared light and expedite 
electron transfer processes. 
 
To understand if the hybrids based on the Cu-based charge transfer complexes follow the 
same trend, all samples containing Cu including Cu coated cotton buds, Cu@CuTCNQ, 
ZnO@Cu and ZnO@CuTCNQ hybrids were used for both reductive and oxidative cataly-
sis reactions. Similar to the Ag system, it was immediately clear that all samples were able 
to catalyse the reaction to completion, while the rate improved when the reaction proceeds 
under visible and infrared light illumination in comparison to when the reaction proceeds 
under dark conditions. Considering the fact that Cu is a better catalyst than Ag, the Cu 
coated cotton bud catalyses the reaction to completion within 12 min under dark (Figure 
5.15). In contrast, the reaction proceeds to completion within 9 min under visible light il-
lumination conditions. This is unsurprising as, due to the LSPR property of Cu, ‘hot elec-
trons’ would lead to an enhancement in the catalytic rate. However, the rate of enhance-
ment was lower than that observed for Ag as the LSPR observed in the case of Cu is much 
lower than that observed for Ag.  
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Figure  5.15. Plots of ln(At/A0) versus time for (a) Cu (b) ZnO@Cu, (c) Cu@CuTCNQ and 
(d) ZnO@CuTCNQ grown on cotton buds for catalytic conversion of Fe(CN)6
3-
 to 
Fe(CN)6
4-
 carried out in the absence of light and during visible and IR illumination. At and 
A0 correspond to absorbance intensities of the reaction products at 420 nm at different 
time points, and at the zero-time point, respectively. 
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When the Cu is converted to Cu@CuTCNQ, the reaction times improve in comparison to 
Cu, where the reaction performed under infrared light illumination conditions outperforms 
all catalytic reaction performed under light illumination conditions for Cu and dark system 
for Cu@CuTCNQ. When the Cu is deposited on an underlying layer of ZnO nanoarrays, 
the reaction rate only improves marginally in comparison to Cu-coated cotton bud. For 
ZnO@CuTCNQ hybrids, the catalytic rate showed an improvement when the reaction was 
carried out under visible and infrared light illumination in comparison to dark conditions. 
The rate kinetics determined by analysing the slope of the linear part of the ln(At/A0) vs. 
time graph shows that the calculated reaction rates under the different light sources are 
0.64 (dark), 0.88 (visible) and 1.8 min
-1
 (IR). These correspond to 7, 5 and 3 min, respec-
tively, for the time taken to achieve 95% completion in a 30 mL reaction volume. The ob-
served catalytic rate for the ZnO@CuTCNQ hybrids were significantly better than all other 
samples used in the current study. This suggests that the formation of the hybrid has a big 
influence on the electron transfer capabilities.  
 
Figure   5.16. Comparison of the catalytic activity between (a) Cu and Cu@CuTCNQ; (b) 
ZnO@Cu and ZnO@CuTCNQ under dark, visible and IR illumination; (c) shows plot of 
the percentage improvement in the activity of different catalysts, when compared from dark 
to photo-illumination conditions (visible and IR).  
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Similar to that observed for Ag, a plot of the improvement in the catalytic rates (Figure 
5.16) suggest that the catalytic performance improvement was the highest in the case of the 
ZnO@CuTCNQ hybrid. However, this enhancement was only a marginal improvement in 
comparison to Cu@CuTCNQ.  
 
Figure  5.17. UV-Vis spectra of TCNQ
0
 consumption for Cu@CuTCNQ and 
ZnO@CuTCNQ. 
 
To negate the possibility of additional surface area from the MTCNQ involved in the cata-
lytic reaction, UV-visible spectroscopy was employed to monitor the consumption of 
TCNQ
0
 during CuTCNQ growth, when the reaction was carried out for the formation of 
Cu@CuTCNQ and ZnO@CuTCNQ. The UV-Vis spectra obtained from the solution fol-
lowing the growth of CuTCNQ is shown in Figure 5.17. The consumption of TCNQ
0
 for 
both Cu@CuTCNQ and ZnO@CuTCNQ was comparable suggesting that the amount of 
CuTCNQ in both samples should be similar. Therefore, the improvement of the catalytic 
activity in the case of the ZnO@CuTCNQ hybrid is not due to the formation of additional 
CuTCNQ. Similar to the observations in the case of Ag-based system, the improvement in 
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the catalytic rate could be attributed to the increase in the availability of surface catalytical-
ly active sites arising from the underlying ZnO nanoarrays.  
A comparison of the fold increase of the catalytic rates observed in ZnO@CuTCNQ hybrid 
in comparison to Cu@CuTCNQ (outlined in Table 5.2) suggests that visible light has a 
higher influence on the catalytic rate. This is surprising and is different to the observation 
of ZnO@AgTCNQ hybrid, where the rate was significantly higher for reactions proceed-
ing under infrared light illumination.  
 
Table  5. 2.  Fold increase of catalytic activity for each light source (comparing influence 
of light on metal-semiconductor and semiconductor-semiconductor junction). 
 
 
This suggests that in addition to the possibility of the reaction rate enhancement due to sur-
face area characteristics; light illumination may also result in the band bending at the junc-
tion of the wide bandgap semiconductor (ZnO) and narrow bandgap semiconductor 
(CuTCNQ). This is further evident from the results obtained for dark conditions where a 
1.2-fold increase of the rate is observed between ZnO@CuTCNQ hybrid in comparison to 
Cu@CuTCNQ.  
 
Material Conditions Reaction 
rates (min
-1
) 
Fold increase 
compared to 
Cu@CuTCNQ 
 
 
ZnO@CuTCNQ 
 
Cu@CuTCNQ 
3D/dark/30 mL 0.64 1.2  
3D/visible/30 mL 0.88 1.6 times  
3D/IR/30 mL 1.8 1.05 times  
3D/dark/30 mL 0.53 n/a  
3D/visible/30 mL 0.63 n/a  
3D/IR/30 mL 1.7 n/a  
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Figure  5.18. Comparison of the catalytic activity between (a) Cu@CuTCNQ, ZnO@Cu 
and ZnO@CuTCNQ under dark, UV and IR illumination; and (b) percentage improvement 
in the catalytic activity of different catalysts, when compared from dark to photo-
illumination conditions (UV and IR).  
 
Considering that this reaction could not be probed using UV-light; dye degradation exper-
iments using methylene blue were carried out. The catalytic rates were obtained for meth-
ylene blue dye degradation in the presence and absence of light illumination using 
Cu@CuTCNQ, ZnO@Cu and ZnO@CuTCNQ hybrids. As evident from Figure 5.18, alt-
hough UV light improves the catalytic efficiency of Cu@CuTCNQ marginally, a signifi-
cant improvement in the catalytic efficiency is observed for ZnO@CuTCNQ hybrids. In 
comparison to Cu@CuTCNQ where the reaction took > 500 min in dark to 450 min in vis-
ible and 300 min in infrared light; the ZnO@CuTCNQ hybrids only took 300 min in dark 
to 50 min in UV and 200 min in infrared light illumination conditions. A plot of the per-
centage improvement of dark vs. light illumination conditions for each of the sample also 
clearly outlines the importance of the using underlying ZnO nanoarrays for efficient light 
absorption in the UV region of the solar spectrum.  
Studying the catalytic efficiencies of both ZnO@AgTCNQ and ZnO@CuTCNQ hybrids 
for oxidative and reductive catalytic reactions suggest that in addition to surface area, there 
is a significant role of n-n heterojunctions that influences the band bending characteristics 
leading to enhanced catalytic rates. 
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To ensure that there is no change to the chemical nature of the catalyst, both 
ZnO@MTCNQ hybrid catalysts were characterised post catalysis using Raman and FTIR 
spectroscopy. 
 
Figure  5.19. (a) Raman spectra obtained from ZnO@AgTCNQ samples post-catalysis: (a) 
original catalyst before reaction, (b-d) catalyst after reaction under (b) dark, (c) visible 
and (d) infrared illumination conditions. (b) FTIR spectra obtained from ZnO@AgTCNQ 
samples post-catalysis: (a) original catalyst before reaction, (b-d) catalyst after reaction 
under (b) dark, (c) visible and (d) infrared illumination. 
The Raman and FTIR spectra obtained from the ZnO@AgTCNQ catalyst (Figure 5.20) 
post-catalysis showed no change in the chemical nature. The Raman spectra showed typi-
cal features corresponding to the TCNQ
–
 state suggesting that there is no reduction of the 
TCNQ during the catalytic reaction. Similarly, the absence of peaks arising due to TCNQ
0
 
or TCNQ
2–
 further suggest that the AgTCNQ in the hybrid remains in the TCNQ
–
 state. 
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Figure  5.20. (a) Raman spectra obtained from ZnO@CuTCNQ samples post-catalysis: (a) 
original catalyst before reaction, (b-d) catalyst after reaction under (b) dark, (c) visible 
and (d) infrared illumination conditions. (b) FTIR spectra obtained from ZnO@CuTCNQ 
samples post-catalysis: (a) original catalyst before reaction, (b-d) catalyst after reaction 
under (b) dark, (c) visible and (d) infrared illumination conditions. 
Similarly, the Raman and FTIR spectra obtained from the ZnO@CuTCNQ catalyst (Fig-
ure 5.20) after catalysis also showed no change. This suggests that there is no change in 
the chemical nature of the hybrids, confirming the chemical stability of the catalyst during 
the catalysis experiments.  
 
5.4.3.  Electrochemical measurements 
One of the possible mechanisms for the observed remarkable enhancement in the catalytic 
performance of both ZnO@MTCNQ hybrids is the difference in the charge injection/ ejec-
tion processes induced by photo-irradiation. These processes were probed using electro-
chemistry techniques such as Open circuit potential (OCP) vs. time and EIS. Essentially, 
these techniques allow examination of the electron transfer processes occurring at the sol-
id-liquid catalyst-solution interface. Considering the fact that the original catalysis experi-
ments were performed on a cotton bud, these substrates were unsuitable for performing 
electrochemical analysis. For these, ZnO nanoarrays were first synthetized on a ZnO foil. 
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Figure  5.21. ZnO nanoarrays grown on a Zn foil using hydrothermal process similar to 
that used for growing ZnO nanoarrays on cotton bud. Scale bars in lower magnification 
images correspond to 1µm and those in higher magnification correspond to 500µm. 
 
The ZnO nanoarrays were grown using hydrothermal strategy where the parameters were 
kept similar to that used for obtaining ZnO nanoarrays on cotton bud substrate. The SEM 
image obtained from the nanoarrays on the Zn foil shows that each nanorod on ZnO were 
similar in size and morphology to that obtained on a cotton bud substrate.  
 
 
Figure  5.22. ZnO@AgTCNQ hybrid on Zn foil, Scale bars in lower magnification image 
corresponds to 200µm and in higher magnification correspond to 100µm. 
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Following the growth of ZnO nanoarrays, Ag and Cu nanoparticles were deposited on the 
surface of the ZnO nanoarrays using the electroless deposition strategy. Following the 
deposition of the metal nanoparticles, the metals were converted to the respective MTCNQ 
using a simple one electron transfer reaction in acetonitrile. Figure 5.22 shows the SEM 
images of the ZnO@AgTCNQ hybrids. The images suggest that long-rods of several mi-
crons in size of AgTCNQ were seen on the surface of the ZnO.  
 
Figure  5.23. ZnO@AgTCNQ on Zn foil, Scale bars in lower magnification images corre-
spond to 100µm and those in higher magnification correspond to 50µm. 
 
Similarly, Figure 5.23 shows the SEM images of the ZnO@CuTCNQ hybrids that show 
thick rods of several microns on the surface of the ZnO. The electrochemical studies were 
performed on these samples.  
Open circuit potential (OCP) vs. time experiments (Figure 5.24) provided insights into the 
effect of photo-irradiation on the accumulation and/ or dissipation of surface charge at the 
solid (ZnO@MTCNQ) and solution (Fe
+3
/S2O3
2-
) interface. These techniques have been 
used previously to understand processes occurring on nano-surfaces specifically during 
galvanic replacement process, electrode modification and self-assembly of monolayers.
45-47 
The potential of the surface with reference to Ag/AgCl electrode was first monitored. This 
is determined by the redox active species in the solution and whether the charge transfer 
processes occur at that surface.  
 158  
 
 
 
Figure  5.24. OCP vs. time recorded in a 30 mL solution containing 1 mM Fe(CN)6
3-
 
(black line) into which 0.1 M S2O3
2-
 was added after 300 s (indicated by an arrow) and 
containing only 0.1 M S2O3
2-
 (red line) for (a) ZnO@AgTCNQ – dark, (b) ZnO@AgTCNQ 
– visible, (c) ZnO@AgTCNQ – IR, d) Nyquist plots obtained in 5 mM Fe(CN)6
3-/4- 
and 0.1 
M NaCl at OCP for ZnO@AgTCNQ. 
In the presence of 1 mM Fe(CN)6
3-
, the ZnO@AgTCNQ (Figure 5.24) hybrid has a steady 
state potential value of ca. 0.70 V. The injection of 0.1 M thiosulphate initiates the catalyt-
ic reaction (marked by an arrow), and the potential value for all samples decreases. Inter-
estingly, the reactions under dark and visible light show a gradual decrease in the potential, 
while the potential changes rapidly in the case when the reaction proceeds under infrared 
light illumination. In contrast, the control experiments carried out in the presence of only 
0.1 M thiosulphate resulted in a steady state potential value that was attained quite rapidly 
for most of the samples (red line in Figure 5.24).  Another observation from the OCP ex-
periments was that the decrease in the potential was the highest in the case of experiments 
performed in dark, while the drop in the OCP potential was smaller in visible and infrared-
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illumination conditions. This suggests that the charge injection into the catalyst surface 
(which would decrease the OCP value) is likely to be inhibited in dark, while this process 
proceeds rapidly under photo-illuminated conditions. This would certainly be one of the 
limiting factors in the lower catalytic activity found in ZnO@AgTCNQ under dark condi-
tions.  
The charge injection is only the first step in the catalytic reaction. This charge needs to be 
transferred to ferricyanide ions from the surface of the active catalyst, which in the current 
case is ZnO@AgTCNQ hybrid. One can probe the charge transfer using electrochemical 
impedance spectroscopy (EIS). Figure 5.24d shows the Nyquist plot recorded from 
ZnO@AgTCNQ in a 5 mL solution of [Fe(CN)6]
3-/4-
. It is immediately clear from the fig-
ure that the transfer of charge to ferricyanide is significantly faster when the reaction pro-
ceeds under infrared illumination (decrease in the width of the semicircle component).  
Although OCP data show that charge accumulation on the surface of the catalysis becomes 
inhibited by photo illumination, therefore it is the injection of charge to ferricyanide that 
governs the rate of the catalytic reaction in the case of ZnO@AgTCNQ samples. Com-
bined from the results obtained from electrochemical studies, it is clear that the hybrid ma-
terial has a good balance between charge injection and ejection process. This essentially 
leads to an improvement in the catalytic rates observed during photo-illumination condi-
tions.   
Considering the fact that the effect of UV light illumination was studied using dye degra-
dation experiments, we performed electrochemistry analysis for this reaction. Given the 
fact that dye degradation experiments were carried out without an electron donor, OCP vs. 
time experiments for this reaction could not be performed. The efficiency of charge trans-
fer from the surface of the hybrid to the dye was probed using EIS where the experiment 
was performed containing 10 µM methylene blue dye in 0.1 NaCl solution.  
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Figure  5.25. Nyquist plots obtained in 10 µM Methylene Blue dye
 
and 0.1 M NaCl at OCP 
for ZnO@AgTCNQ under dark and UV illumination conditions. 
 
Figure 5.25 shows the Nyquist plots recorded for the ZnO@AgTCNQ samples under dark 
and UV illumination for the dye degradation reaction. It is clearly evident that the width of 
the semicircle component decreases during UV-light illumination in contrast to dark exper-
iment. This suggests that the ejection of charge from the surface of the hybrid to the dye 
improves during light illumination. This suggests that the improvement in the catalytic 
ability to degrade dye is due to the improvement in the efficiency of charge transfer.  
Similar electrochemical measurements were performed on the ZnO@CuTCNQ hybrids. A 
steady state potential of ca. -0.8/-0.9 V was obtained in the presence of 1 mM Fe(CN)6
3-
 
for the ZnO@AgTCNQ (Figure 5.26) hybrid. The injection of 0.1 M thiosulphate into this 
reaction initiates the catalytic reaction (marked by an arrow), and the potential value for all 
samples decreases. Interestingly, the rate of decrease was gradual in all cases even when 
the reaction proceeds under light illumination. In contrast, the control experiments carried 
out in the presence of only 0.1 M thiosulphate resulted in a steady state potential value that 
was attained quite rapidly for most of the samples (red line in Figure 5.26). This suggests 
that light illumination has minimal or no effect on the charge accumulation process. This 
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would certainly be one of the limiting factors in the lower catalytic activity found in 
ZnO@CuTCNQ.  
 
 
Figure  5.26. OCP vs. time recorded in a 30 mL solution containing 1 mM Fe(CN)6
3-
 
(black line) into which 0.1 M S2O3
2-
 was added after 300 s (indicated by an arrow) and 
containing only 0.1 M S2O3
2-
 (red line) for (a) ZnO@CuTCNQ – dark, (b) ZnO@CuTCNQ 
– visible, (c) ZnO@CuTCNQ – IR, d) Nyquist plots obtained in 5 mM Fe(CN)6
3-/4- 
and 0.1 
M NaCl at OCP for ZnO@CuTCNQ. 
 
Considering that the OCP has minimal effect on the charge kinetics, charge transfer to fer-
ricyanide ions from the surface of the active catalyst, which in the current case is 
ZnO@AgTCNQ hybrid was studied using electrochemical impedance spectroscopy (EIS). 
Figure 5.26d shows the Nyquist plot recorded from ZnO@CuTCNQ in a 5 mL solution of 
[Fe(CN)6]
3-/4-
. It is immediately clear from the figure that the transfer of charge to ferricya-
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nide is significantly faster when the reaction proceeds under dark and visible light illumi-
nation (decrease in the width of the semicircle component). However, the catalytic reaction 
suggests that the reaction proceeds faster under visible and infrared light illumination con-
ditions. Therefore, it is this process that governs the catalytic activity. This suggests that 
the mode of mechanism of charge transfer for Ag-containing hybrid was significantly dif-
ferent to Cu-containing hybrid.  
  
Figure  5.27. Nyquist plots obtained in 10 mM methylene blue and 0.1 M NaCl at OCP for 
ZnO@CuTCNQ under non-illumination and UV illumination conditions. 
 
Similar to the previous case, the Nyquist plots were also obtained for dye degradation reac-
tion (Figure 5.27). It is clear from the figure that illuminating the sample with UV light 
decreases the resistance to charge transfer during UV illumination in comparison to dark 
conditions. Therefore, faster injection of the electrons from catalyst surface to dye solution 
improves the process of dye degradation. Based on electrochemical assessment, we can as-
sume that the modes of charge transfer in both hybrids are different and this difference is 
responsible for the difference in the catalytic activity for both reductive and oxidative ca-
talysis reactions.  
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5.4.4. Photoconductivity measurements 
The semiconducting nature of MTCNQ and ZnO are well-known. Therefore, combining 
these materials in a single hybrid will result in a semiconductor-semiconductor junction. It 
is well-known that in the case of traditional organic/ inorganic semiconductor junctions, 
the interfacial photo-induced charge transfer at the junction between the two semiconduc-
tors plays an important role in influencing redox processes.
44-47
 Having established the na-
ture of majority carriers in the case of MTCNQs’ to be n-type, the optical band gap (Eg) 
values of 0.37 eV and 0.48 eV for CuTCNQ and AgTCNQ, respectively (determined in 
Chapter III), valence band energy levels (EV) of CuTCNQ (-5.45 eV) and AgTCNQ (-5.51 
eV) and the work functions of metals (ΦM), as obtained from PESA are 4.95 eV and 4.7 eV 
for Cu and Ag, respectively. The calculated work functions (ΦS) of CuTCNQ and Ag-
TCNQ correspond to 5.20 and 5.17 eV, respectively. The calculated work functions of 
these metals and MTCNQ semiconductors are in good agreement with those in the litera-
ture.
50-52
 These parameters are summarised in Table 5.3. 
 
Table 5. 3. - shows the energy levels of Cu, CuTCNQ, Ag, AgTCNQ and ZnO. 
 Cu /eV CuTCNQ/eV Ag /eV AgTCNQ/eV ZnO/eV 
E
V
 n/a -5.45 n/a -5.51 -7.2 
E
F
 n/a -5.24 n/a -5.17 -4.2 
E
C
 n/a -5.08 n/a -5.03 -3.9 
E
g
 n/a 0.37 n/a 0.48 3.3 
E
a
 n/a 0.16 n/a 0.14 0.3 
Φ 4.95 5.24 4.70 5.17 4.2 
 
It is well-known that when a two semiconductor comes in contact, the valence and conduc-
tion bands of both semiconductors bend in order to bring the Fermi levels of the two mate-
rials under equilibrium.
37
 The degree and direction of band bending depend on the work 
functions of the semiconductors and the nature of majority charge carriers. Given that both 
semiconductors are n-type, a Ohmic contact will be formed at the interface. The existence 
of such a junction was first established by measuring the IV characteristics as shown in 
Figure 5.28.  
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Figure 5.28. Photo-response (I–V curves) obtained from (a) ZnO@AgTCNQ and (b) 
ZnO@CuTCNQ under dark and photo-excitation conditions. 
 
It is clear that in the case of both ZnO@AgTCNQ and ZnO@CuTCNQ hybrids, the cur-
rent changes under light illumination conditions in comparison to dark. However, the 
change in the current in the case of ZnO@AgTCNQ is much more prominent. The exist-
ence of an Ohmic junction essentially allows the electrons to flow from the Fermi energy 
level of one semiconductor into the conduction band of the semiconductor with lower en-
ergy. Given that in the current case an n-n type semiconductor junction is formed, based on 
the wavelength region of the applied light source, different mechanisms can take place. 
When infrared light is illuminated, only one semiconductor (MTCNQ) in this hybrid gets 
excited. In this case, a semiconductor sensitization process takes place. When MTCNQ is 
solely excited, the photo-generated holes can migrate from the valence band of the 
MTCNQ to the valence band of ZnO. This phenomenon improves the electron-hole separa-
tion and in principle, also the charge kinetics in the heterojunction. 
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Figure  5.29. Band alignments of two n-type ZnO and MTCNQs for ΦSI > ΦSII (i) before 
and (ii) after establishing a contact M/MTCNQ junction (M = Cu or Ag). EC, EF and EV 
correspond to energies of conduction band, Fermi level and valence band with respect to 
vacuum. Eg corresponds to optical band gap energy, Ea is the activation energy, and ΦS is 
the work function of the semiconductors. 
 
The underlying mechanism of semiconductor-semiconductor can be completely different 
when UV light is used for illuminating the hybrid. Considering that UV light can be ab-
sorbed by ZnO and also partially by MTCNQ, it can activate both semiconductors. When 
both semiconductors are activated a unique mechanism can take place at the junction of 
two semiconductors.
48,49 
These semiconductor–semiconductor junctions can either be Type 
I (straddling alignment), Type II (staggered or misaligned) and Type III (broken align-
ment).
50,51 
In the current studied system, Type II is the most possible mechanism based on 
the values of Ev and EC of ZnO and MTCNQ. In this type of junction, given that the con-
duction and valence band-edge of MTCNQ is higher than the corresponding band edges of 
ZnO, the electrons may be confined to MTCNQ, while holes are confined to ZnO. Else, in 
the case if there is a Type II misalignment, then the electrons and holes are confined sepa-
rately in two separate materials. But as the valence band edge of the materials in which the 
holes are confined overlaps the conduction band of the other material, some novel phe-
nomenon is known to occur. This may lead to superior properties.  Based on the results, 
although it is difficult to determine, which of the two processes occur, it is almost certain 
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that the band bending characteristics combined with charge transfer characteristics are both 
responsible for enhancing the catalytic activity under a broad range of light illumination.   
 
5.5. Conclusions 
The ability of nanomaterials to absorb light has important implications in optically active             
processes. For instance, inorganic oxides such as ZnO, possess an inherent ability to absorb 
UV light due to the inter-band electronic transitions, rendering their use for photocatalytic               
applications. Various strategies have been applied in material science for fabrication of            
materials with wide range of light absorbance and better charge transfer abilities such as 
decorating metal oxides with noble metals or doping. In this chapter, a new hybrid material 
by combining ZnO with MTCNQ was fabricated. Considering that ZnO is UV-active and 
MTCNQ is primarily active in infrared region with absorption capabilities in the visible 
and UV region, the hybrid in the current study had the ability to absorb light in across the 
solar spectrum (UV, Visible and infrared). The ability of these heterostructure junctions in 
enhancing both reductive and oxidative catalysis was established wherein light illumina-
tion had a significant effect on improving the catalytic efficiency. The improvement in the 
catalytic efficiency could be attributed to not only the increase in the surface area of cata-
lytically active sites, but the improvement in the charge transfer kinetics at the sol-
id/solution interface and band bending at the semiconductor-semiconductor interface.  
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Chapter VI 
 
Conclusion and Future works 
 
This chapter provides a summary of the work presented in this thesis and provides a scope 
 for potential future work in the area of catalysis using organic semiconductors. 
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6.1. Summary of work 
The ever-increasing demand to harvest solar light more efficiently has pushed the boundaries 
of research to develop new materials with superior light absorption properties. Considering 
that UV irradiation contributes to only 3% of the solar irradiation falling on the earth surface, 
conventional oxides such as TiO2 (band gap energy of 3.2 eV) absorb <5% of the solar spec-
trum. This suggests that traditional inorganic semiconductors may require transformational 
modifications to be suitable for practical applications. This outlines the need fabricate new 
catalysts with broad absorption capabilities across the UV–Vis–IR range of the solar spec-
trum. Additionally, easy fabrication and improving the availability of catalytically active sites 
would also enable rapid translation of such catalysts. For developing such catalysts, appropri-
ate selection of semiconductors is required wherein the bandgap, chemical stability and light 
absorbing capabilities of each of these semiconductors and/ or metals is essential. The for-
mation of junctions between two semiconductors or a semiconductor/metal has shown tre-
mendous effect in influencing the photocatalytic activities of the semiconductors.   
In this regard, the current thesis outlines the fabrication of an organic charge transfer complex 
based on TCNQ using a simple and facile solution based approach. Combining these materi-
als with either metals or other semiconductors improved their charge transfer properties lead-
ing to excellent catalysts. Growing such materials directly on high surface area cotton tem-
plates further allowed me to control the population of the junctions. The summary of the 
findings of this thesis are summarised below.  
 
6.1.1. Metal@MTCNQ for catalysis 
In the first section of the thesis, I developed a facile and simple strategy to deposit 
nanostructures of copper and silver on individual strands of a high surface area 3D cotton 
bud as a template. The metal nanoparticle decorated cotton bud itself showed improved 
catalytic efficiency in the presence of visible light, due to the LSPR effect of metal nano-
particles. These metals were then converted to form M@MTCNQ composite through a 
simple one electron reaction. The resultant composites showed high efficiency to promote 
catalytic reactions. The catalytic rate was improved significantly through visible and infra-
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red light illumination as MTCNQ absorbs in the infrared region of the solar spectrum. In 
fact, these composites allowed an unsurpassed catalytic efficiency that is over 300 times 
better than the traditional metal catalysts. The comparison of two similar yet distinct cata-
lysts, viz. Cu@CuTCNQ and Ag@AgTCNQ provided an in-depth understanding of not 
only the charge accumulation and band bending within the catalyst at the metal-
semiconductor heterojunction; but also charge injection/ejection processes occurring at the 
catalyst-reactant interface. In particular, the demonstrated IR and visible light activated 
performance of M@MTCNQ catalysts bodes well for their eventual practical deployment 
to harvest low-energy light for a variety of photo-active processes. 
 
6.1.2. Fabrication of ZnO/Ag nano-arrays on 2D and 3D substrates for                         
photocatalysis applications 
The next part of this thesis outlines the fabrication of ZnO nanoarrays first on a 2D sub-
strate and then translating this approach on a 3D cotton bud substrate. ZnO was chosen due 
to its outstanding semiconducting properties and the ability of this material to form well 
aligned nanostructures where the length, breadth and other parameters could be controlled 
by changing the reaction parameters. The influence of several reaction parameters in ob-
taining well aligned ZnO nanoarrays was first established. This strategy was then applied 
to grow ZnO nanoarrays on cotton buds. Considering that ZnO is active only in UV-light, a 
new way to attach Ag nanoparticles to the ZnO nanoarrays was developed. The loading of 
Ag nanoparticles could be controlled by adjusting the reaction time and concentration of 
Ag precursor. This essentially created a semiconductor/ metal junction. The ability of the 
ZnO/Ag nanoarrays for the degradation of dye under UV-light illumination conditions was 
established. The ability to grow ZnO on high surface area cotton buds led to the foundation 
of the next chapter of this thesis.  
6.1.3. ZnO@MTCNQ for catalysis  
Given the ability to fabricate ZnO nanoarrays on cotton buds, this chapter focused on cre-
ating ZnO/Ag and ZnO/Cu junctions followed by their conversion to AgTCNQ and 
CuTCNQ. Considering that both ZnO and MTCNQ (M = Cu or Ag) are n-type semicon-
ductors, combining them creates a new n-n type of heterojunction. With two semiconduc-
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tors combined, the resultant hybrid also had the ability to absorb UV (ZnO), visible and in-
frared light (MTCNQ). It is important to note that this is the first time such hybrids have 
been fabricated. The ability of this hybrid to promote both reductive and oxidative catalytic 
reactions was established where infrared light illumination results in outstanding catalytic 
performance. Although at this stage it is difficult to know the exact mechanism behind the 
enhanced catalytic activity, based on electrochemistry and electronic experiments, it can be 
said that in addition to surface area effect, the junctions have an influence on the charge 
transfer properties and band bending characteristics. This is evident from ZnO@AgTCNQ 
where a 500 time’s improvement in the activity is observed in comparison to 
Ag@AgTCNQ.  
 
6.2. Future work 
Considering that this thesis opened up a Pandora’s box in the area of developing new cata-
lysts. In addition to the several important conclusions that are drawn from each of the 
chapters, there is a lot of work that can be done to understand these systems.   
(i) This thesis only describes the use of MTCNQ for catalysis reaction. An array of 
TCNQ analogues have been reported in the literature including TCNQFx (x=0,1,2,3 or 4), 
TCNE, TCAQ, TCNAQ etc. Each of these has unique properties when combined with dif-
ferent metals. Studying the combination of these analogues with different metals would re-
sult in new materials to be discovered.  
(ii) Given the array of TCNQ-based materials that can be synthesised, the importance 
of such materials for application beyond catalysis such as antimicrobial, electronics and 
sensing can be pursued. 
(iii) TCNQ-based materials typically possess band gap energy close to ∼0.5 eV, which 
is in the deep infra-red region of the electromagnetic spectrum. The low band gap of these 
materials, should in principle allow these materials to absorb over 85% of the solar irradia-
tion. Therefore, such materials would be useful for solar cells.  
(iv) This thesis only shows the combination of ZnO and MTCNQ. The myriad of inor-
ganic semiconductors can result in several combinations, which may lead to new unprece-
 173  
 
 
dented properties. This would essentially create an array of semiconducting junctions in-
cluding p-n and n-n junctions.  
(v) The high antibacterial performance of Ag and Cu is well-known. The ability to 
grown these materials directly on cotton can be eneficial for translational capabilities.   
 
 
 
